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Abstract 
 The common carp (Cyprinus carpio) is an invasive fish whose populations have 
grown to ecologically damaging levels in the North American Midwest and many areas 
throughout the world. Recent research has shown that abundance of this species in areas 
of the North American Midwest is driven by its propensity to use shallow basins as 
productive nursery habitats. The ability of managers to discriminate which shallow basins 
are producing carp across a large sub-watershed of interconnected lakes has the potential 
to increase the efficacy of management practices which are aimed at the disruption of 
successful recruitment (i.e. surviving to join adult population). This study assessed 
whether carp nurseries could be distinguished based on differences in 12 microsatellite 
DNA markers in carp across the twin cities metropolitan area (n=1023) and the 
concentrations of 11 trace elements measured in carp otoliths collected in the Six-Mile 
Creek sub-watershed, Minnesota, USA (n=157). I found that genetic assessment could 
separate carp populations at a regional scale, but not between individual putative 
nurseries. Microchemical otolith analysis revealed that it is feasible to classify carp to 
their capture locations, discriminate between nursery and non-nursery habitat types, and 
distinguish juvenile carp from individual nursery sites. Elemental signatures of otoliths 
were obtained from laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS). Ratios of aluminum (Al), barium (Ba), copper (Cu), iron (Fe), potassium (K), 
lithium (Li), magnesium (Mg), sodium (Na), phosphorus (P), and strontium (Sr) to 
calcium (Ca) in otolith edges differed significantly among carp from all eight capture 
sites in a 70 km2 watershed.  Ratios of Ba, Fe, Li, manganese (Mn), and P to Ca differed 
significantly among juvenile carp from three nursery basins. Ratios of Al, Ba, Cu, Fe, Li, 
K, Na, P, and Sr to Ca were significantly different between nursery and non-nursery 
habitat types. Quadratic discriminant analysis (QDA) could accurately classify otoliths to 
collection site (total accuracy 54%). QDA had increased accuracy when restricted to 
juvenile carp (76%) and classifying carp to nursery and non-nursery habitat types (87%) 
in contrast to individual sites.  Further evaluation of differences between elemental 
signatures of the core and edge region (i.e. recent and natal signatures) and water samples 
from multiple years suggests that elemental parameters in otoliths and water are changing 
across time preventing identification of past recruitment sources. Identification of past 
natal origins of carp in these systems using otolith microchemistry will require obtaining 
continuous signatures across larger spatial and temporal scales.
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Thesis overview: 
This thesis comprises of three chapters and three appendices. The first chapter 
provides background information on the common carp, explores the impacts on the 
ecosystems in which it has invaded, and explains how its life history traits drive its 
recruitment dynamics and allow it to become extremely invasive in the North American 
Midwest. This chapter also provides background information on different methods in 
fisheries biology that have been used to understand recruitment processes, explain the 
potential application of otolith microchemical studies and genetic assessment, and 
illustrate the list of objectives and null hypothesis addressed. The second chapter contains 
the introduction, methods, results, and discussion of the otolith microchemical study to 
understand the ability of this technique to assign carp back to their capture location, 
capture habitat type, and discriminate between individual nursery sites at a sub-watershed 
scale. The third chapter contains the introduction, methods, results, and discussion of the 
genetic assessment of both the twin cities regional carp populations and the carp 
population in the Six Mile Creek (SMC) aimed at understanding the utility of evaluating 
the genetic structure of invasive carp populations. Chapters two and three are written in 
the style of PLOS ONE. I intend to submit a version chapter two to PLOS ONE for 
publication with co-authors Justine Dauphinais, Joel Gagnon, and Peter Sorensen. 
Chapter three will likely need additional samples from other carp population in the region 
to develop a more comprehensive understanding of the genetic population structure of 
carp in this area. Part of this chapter may eventually be published in collaboration with 
future projects under the direction of Dr. Loren Miller.  
 The first appendix includes the final report of the Six-mile Creek Carp 
Assessment created by Justine Dauphinais, Dr. Peter Sorensen, and I. This report was 
modified from the version submitted to Minnehaha Creek Watershed District (MCWD) 
to reference sections of this thesis. The second appendix includes information pertinent to 
chapter four, including: Limits of Detection (LOD) of associated inductively coupled 
mass spectrometry (ICP-MS) of both water and otolith samples, summary tables of 
results from statistical tests performed, and additional classification analysis conducted. 
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The third appendix includes information pertinent to chapter three, including: details of 
microsatellite markers, allele frequencies, heterozygosities, tests of Hardy-Weinberg and 
linkage equilibrium, and additional cluster levels evaluated that are not presented in the 
main body of chapter 3.
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Chapter 1: An Introduction
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Common carp biology and management: 
The common carp (Cyprinus carpio; hereafter “carp”), is a benthivorous cyprinid 
native to Eurasia [1].  Carp are long-lived [2], mature early in life [3,4], and are fecund 
[4].  Carp are highly invasive in the North American Midwest and many other regions 
around the world [5].  In its native range, it is highly prized and managed as a sport fish 
for recreation and consumption [6].  However, extremely dense populations ( >100 kg/ha) 
of carp are found in a variety of ecosystems in which it has invaded, ranging from vast 
river-floodplain complexes in Australia and New Zealand to interconnected drainage 
lakes of the North American Midwest [3,7,8]. 
Invasive populations of carp are often associated with declines in the abundance 
and diversity of submersed aquatic vegetation as well as invertebrates and can trigger 
sustained increases in water turbidity, algal growth, and nutrient loading [3,9–12]. The 
benthivorous feeding of the carp increases suspended solids in the water column [13], 
reduces water transparency [14] and macrophyte coverage [15], and decreases habitat 
heterogeneity for native species [16].  For these reasons, carp have been the subject of 
many research and management activities aimed at reducing their populations.  
Carp move into peripheral areas in the spring for the purposes of reproduction 
both in their native [17] and invaded range [18–20]. These habitats serve as sources or 
nurseries for adult populations and need to be identified for management activities aimed 
at decreasing carp populations[2]. In areas of the North American Midwest, the use of 
interconnected ponds and wetlands for breeding has been shown to drive recruitment (i.e. 
surviving to join adult population), as juvenile carp often thrive and then disperse to 
connected waters [18,21,22].  Recruitment in these nursery habitats has been attributed to 
harsh winters periodically driving low levels of dissolved oxygen (DO) that induce fish 
kill events (i.e. winter kill)[18]. These winter kill events reduce the abundance of native 
egg predators, allowing for higher recruitment rates the following year when carp access 
these habitats to spawn.[18,22].  In Australia, the use of seasonally inundated floodplain 
habitats in large riverine systems is an important habitat for the recruitment of carp and 
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recruitment patterns are usually dictated by flow regimes which regulate their extent 
[19,20,23].  
In other interconnected lake systems of the North American Midwest, Weber and 
Brown [24] found that carp recruitment was continuous rather than dependent on the 
erratic nature of winter DO but was affected by temperature, water levels, and wind 
events. Whether recruitment is continuous or erratic, the influx of juvenile carp from 
nursery habitats has the potential to counteract adult carp removal efforts. Removal-based 
management practices alone can’t control these invasive carp populations due to 
compensatory mortality and high mobility of carp [25].  Consequently, identifying and 
controlling important nursery habitats is important to prevent new recruitment to reduce 
carp populations and meet management goals.  
Identifying the importance of migration to these nursery habitats has previously 
been addressed by exploring differential catch rates of young as a proxy of reproductive 
rates between habitats and monitoring movement through the use of mark-recapture and 
active tracking studies [2,18,26].  These studies are very labor intensive and often limited 
in geographic and temporal scope suggesting that assessment of these phenomena at a 
larger scale could be extremely valuable. The utility of these approaches for quantifying 
nursery habitat production and for tracking the dispersal of recruits to adult habitats may 
be limited by a variety of factors. Comparison of young abundances between habitats 
based on catch per unit effort (CPUE) can be biased by fish behavior, gear avoidance, 
and sampling frequency [27].  Mark-recapture studies of juvenile fish can be limited by 
low probabilities of recapture due to small body size of individuals and high mortality 
rates at early life stages [28]. Mark-recapture methods may also bias estimates of 
movement rates and the spatial extent of movement due to frequency and extent of the 
sampling scheme [29].  The use of active tracking methods such as radio telemetry can 
also be limited by fish body size and available technology limiting the study of fish 
dispersal at early life stages. 
Nursery habitat contribution studies have begun to move away from tracking 
individual movements and comparing CPUE rates.  The utilization of indirect methods 
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such as analyzing elemental signatures in otoliths[30–32], using genetic markers to infer 
source populations [2,33], or the combination of both methods [34,35] have recently 
become more common.  
 
Otolith biology and physiology 
Otoliths are the inner ear bones found in fish of the superclass Osteichthyes. 
Osteichthyans have three pairs of otoliths: asteriscus, sagittal, and lapillus. These bones 
are incorporated into three separate sheets of sensory epithelia: the utricular, saccular, and 
lagenar maculae, respectively [36].  These ear bones are important to fish for orientation, 
balance, detection of sound, and detection of gravitational forces. In addition to being 
important functionally to fish, these calcium carbonate structures can provide valuable 
information to managers such as fish age, growth rate, and environmental history as new 
material is continuously added to otoliths throughout the fish’s’ life, often creating a 
series of rings of various size and elemental composition.  
Otoliths are primarily composed of calcium carbonate (CaCO3), but 31 other 
elements have been measured in low amounts [37].  Of these, the elements Na, Sr, K, S, 
N, Cl and P have been observed at low levels below 100 ppm, whereas most other 
elements appear to be present at trace levels (<10 ppm) [37]. Otoliths are continuously 
deposited and never reabsorbed, and therefore reveal a complete record of a fish’s life 
from ontogeny to death [38]. Furthermore, Maillet & Checkley [39] revealed that 
deposition of CaCO3 and other trace elements is continuous even once somatic growth 
has stopped. Thus, the edge region of the otolith contains an elemental signature from the 
most recent portion of a fish’s life and the core reflects an elemental signature from its 
juvenile stage. 
The calcium carbonate complex of the otoliths themselves is not exposed to the 
external environment but are exposed to the physiological environment inside the 
organism, as they are isolated within the semipermeable inner ear membrane and bathed 
in endolymphatic fluid [40].  Endolymphatic fluid is inner ear fluid that is similar in 
composition to blood plasma but higher in sodium and more alkaline than plasma 
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[41,42].  Ion transport to the sensory epithelia has been studied in the saccular epithelium 
of teleosts. It has been shown that in these fishes the ion exchange with the 
endolymphatic fluid occurs preferentially with blood rather than cranial fluid [40].  It is 
likely that calcium carbonate structure precipitates from this endolymphatic fluid, 
therefore its composition is regulated by both the membranes that separate the blood 
plasma from the environment (i.e. in the gills during oxygen exchange) and the 
membranes that separate the endolymphatic fluid from the blood plasma [40,43,44].  In 
this physiological process, it is possible that minor and trace elements can move across 
these membranes through the cellular calcium channels and incorporate into the otolith 
[44]. This process would allow any influence on ion concentrations in the blood to 
potentially affect the elemental composition of the otoliths. 
The relationship between these different factors is likely mediated by the blood 
plasma of fish. Through this relationship, the otoliths provide an elemental history of the 
circulatory system and are therefore a reflection of both a fish’s environment and 
physiology. It appears that the ionic concentrations of the blood are more readily affected 
by the surrounding environment and thus can inform biologists as to the environment a 
fish was experiencing at a given time in its life history. The role of these minor factors 
does provide explanation to some of the variation seen in the practice of these methods.  
Overall, previous studies support the use of fish otoliths’ elemental compositions to 
discern a fish’s environmental history [34,45,46].The ability to determine what type of 
environment a fish was in at a given point in its life has immense value in understanding 
the life history of the organism, migration pathways [47], population structure [48], natal 
origin [31],and other organism-specific traits.   
In addition to the chemical composition of the environment, some other factors 
have been shown to affect the rates at which these elements become incorporated into 
otoliths, such as ontogeny [49], diet [50], temperature [51], and fish growth rates [52].  
Because of these factors, elemental composition of otoliths is not always directly related 
to concentrations in the water [43]. Overall, water chemistry seems to be the predominant 
factor determining the incorporation of trace elements into fish otoliths. Direct 
relationships between water and otolith chemistry, while ideal, are not necessary, because 
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the aim is to learn about fish movement not to use the otoliths to infer water chemistry 
[43].  
 
Otolith microchemical discriminant analysis 
To evaluate the potential of using the elemental signatures of carp otoliths as a 
natural marker, several characteristics must be considered. Differences in the chemistry 
of the water bodies of interest must exist for otolith elemental signatures to reflect 
environments of capture and/or recruitment. Differences in water chemistry can be 
expected when comparing sites in which salinity gradients are severe (i.e. freshwater vs. 
sea water or estuary; [53] ) and over larger spatial scales of differing underlying geology 
[54,55]. However, otolith signatures have also been used successfully in smaller spatial 
scales in marine environments for reef fishes [45] and between habitats within a single 
freshwater body [56]. This suggests that otolith signatures could be used to discriminate 
between locations even in waters in which the magnitude of chemical differences are not 
as great such as the interconnected drainage lakes of the North American Midwest. 
In these systems, local variation of trace elements concentrations in water can 
result from a number of factors such as physio-chemical absorption, biological uptake, 
and physical entrapment by sediment [57].  The physical characteristics of these 
freshwater environments also have the potential to drive differences in the relative 
importance of these mechanisms and consequently the chemical composition of 
individual water bodies.  This coupled with understanding the abiotic factors such as 
water level, temperature, wind, and dissolved oxygen can affect carp recruitment success 
may prove useful to the application of otolith microchemical discrimination of nursery 
areas. These different abiotic factors also have the potential to affect the cycling of 
different elements within the freshwater environment. The geochemical cycling of many 
elements in natural waters is a complicated process not well studied for all trace 
elements. It is known that manganese (Mn) and iron (Fe) are released more readily from 
sediments of freshwater lakes and ponds during periods of anoxia, but copper (Cu) is not 
[58–60]. This suggests that small ponds that are serving as nursery habitats may have 
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higher levels of Mn and Fe in contrast to the non-nursery habitats. Oxygen content is also 
known to be an important component to phosphorous (P) cycling. Anoxia has been 
shown to increase the release of P from sediments but recent work has shown that this 
relationship is much more complex than previously believed [61].  Regardless of the 
underlying mechanism, it is likely that phosphorous content between lakes and lake types 
could be different and therefore may be reflected in otolith microchemistry.  
The application of otolith microchemistry signatures has been approached using 
multiple techniques dependent upon the objective. Applications to discern natal sources 
have used comparisons between otoliths edge and core values [62], “supervised” 
classification methods of juvenile fish [63], “unsupervised” classification methods of 
adult fish [48], and regression analysis between water and otolith parameters to predict 
origins of fish based on the derived relationships [31]. Supervised classification methods 
develop mathematical boundaries between discrete groups of samples based on measured 
variables. Development is based on known groups which allows for interpretation of 
results to be more explicit but also requires that group membership is known a priori. 
Unsupervised classification methods use statistical relationships to generate probable 
groups of samples with no a priori assumptions of group membership. They can be used 
to infer probable numbers of groups within a sample set but origin or relationship of 
groups is much more ambiguous in comparison to supervised classification methods.  
Munro et al. [62] compared the edge and core signatures from different groups of 
invasive trout to demonstrate that they were likely born in different locations and infer 
the date of invasion. This method is not applicable when adult fish from one location 
likely represent multiple nursery sources and thus an average core value by lake are not 
indicative of any one nursery habitat. Supervised classification of juvenile fish has been 
shown to be effective but requires the collection of samples from all possible sources, 
which is often difficult if not impossible to accomplish [23,63,64].  Unsupervised 
classification of adult fish otolith cores has been shown to be useful to suggest number of 
stocks or discrete spawning locations [48] but further analysis of these techniques to 
spatially distinguish sources are difficult to interpret.  The best method available is to 
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establish a relationship between water and otolith chemical signatures and derive 
expected otolith signatures for available nursery sites or habitats [31].  Blair and Hicks 
[30] conducted an otolith microchemistry study on koi carp (Cyprinus carpio 
haematopterus), a subspecies of common carp [65], in riverine systems of New Zealand 
and determined that classification of natal sources required otolith signatures from all 
potential sources. They could classify koi back to capture locations with moderate 
accuracy and concluded that temporal changes in water chemistry and mobility of carp 
likely prevented higher levels of classification accuracy [30]. 
While classification of fish habitats using otolith signatures relies on both the way 
elements are incorporated and a relationship with water, the selection of appropriate 
classification techniques is also important.  Mercier el al. [66] concluded that 
classification accuracy can differ based on the number of variables included and the 
statistical method used.  It is important that the classification model assumptions align 
with the nature of the data and analysis can be improved through the use and comparison 
of multiple techniques [66].  Thus, multiple classification techniques were applied in this 
study and their results compared for a more comprehensive understanding of how these 
signatures can be used to accurately classify carp in interconnected drainage lake systems 
in the North American Midwest back to their capture locations.  
 
Carp population genetics introduction: 
Genetic assignment methods use genetic information to interpret population 
membership of individuals or groups [33].  Genetic assignment of microsatellite DNA 
markers has previously been used to identify fish stocks and to investigate differences in 
variables such as recruitment, growth, or migratory behaviors between genetically 
distinct groups [67,68]. Recently, the use of genetic assignment methods has been applied 
to a wide range of invasive species to aid in the application of management activities by 
evaluating dispersal, spread, recolonization, and geographic relationships of invasive 
populations [69].  It is of the utmost importance to understand these demographic 
characteristics to infer the geographic units in which management should be conducted. 
Genetic assessment of microsatellite markers in brown rat (Rattus norvegicus) 
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populations have been used to improve management efforts aimed at irradiation by 
identifying spatially distinct populations that need to be address simultaneously as single 
management units in order to prevent recolonization [70,71]. Additionally, genetic 
assessment of microsatellite markers in grand skink (Oligosoma grande) have been used 
to assign natal population sources to individuals at a similar accuracy of mark recapture 
studies with much more efficiency in terms of cost and time invested [72].  
Genetic assessment methods can be more robust to environmental fluctuations in 
comparison to the use of otolith microchemistry because genetic analysis can evaluate 
population connection at an evolutionary scale while chemical markers evaluate variables 
on an ecological time scale [35]. Interpretation of otolith chemical signatures can be 
complicated by spatial and temporal variation [23].  Employing both approaches in 
parallel has proven to provide complimentary information [34,35].  Recently, Koch [2] 
demonstrated that microsatellite DNA analysis could be used to provide insights into the 
relative contribution of nursery habitats to the larger meta-population of carp at a 
watershed scale in the North American Midwest. The differentiation of two genetic 
groups in this system was attributed to the likely occurrence of multiple stocking or 
introduction histories, indicating that further evaluation of the utility of this technique 
was needed [2].  
The scale at which carp populations can be genetically distinguished is important 
because different populations may exhibit various levels of population connectivity 
and/or different stocking histories. Population connectivity has important implications to 
carp management as the first step in any sustainable control program is to delineate 
appropriate geographic management units. Genetic assessment provides the potential to 
aid in determining the spatial and temporal scales at which local carp population 
dynamics are operating. This study evaluated the genetic diversity of carp populations 
within and across multiple watersheds in the Twin Cities metropolitan area, Minnesota, 
USA to determine the scale at which genetic structure might be useful in discriminating 
subpopulations and the potential utility of defining management units for invasive carp 
populations in the region.  
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Study objectives: 
The aim of this study was to evaluate whether carp otolith microchemistry and 
microsatellite DNA markers could be used to estimate the relative contributions of 
individual nursery basins across a system of interconnected lakes. The specific objectives 
of the otolith microchemistry study were to: (1) evaluate the spatial and temporal 
variation in water chemistry of interconnected lakes of the North American Midwest; (2) 
determine if there is a direct relationship between water chemistry and carp otolith 
chemistry; (3) evaluate the spatial variation in otolith chemistry and determine if the 
multi-variate microchemical signature of otolith edges can be used to classify carp back 
to collection site, habitat type (nursery and non-nursery), and differentiate individual 
nurseries; and (4) evaluate the temporal stability of otolith microchemical signatures in 
resident carp populations (i.e. spawned in location of capture).  The specific objectives of 
the microsatellite DNA study were to (1) determine if there is spatial genetic variation 
among carp populations in discrete watersheds in the Twin Cities metropolitan area;  (2) 
determine if there is spatial genetic variation in sub-population(s) of carp among various 
basins within the Six Mile Creek (SMC) sub-watershed; and (3) determine if genetic 
variation in carp sub-populations can be used to assess and quantify nursery contribution 
across the SMC sub-watershed.  
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Chapter 2: Otolith microchemistry of common carp in an interconnected lake system of 
the North American Midwest records a signature of recent location and differentiates 
individual nursery basins 
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Synopsis:  
 The common carp (Cyprinus carpio) is an invasive fish whose populations have 
grown to ecologically damaging levels in the North American Midwest and in many 
other areas throughout the world. Recent research has shown that its abundance in the 
North American Midwest is driven by its propensity to use shallow basins as nursery 
habitats. The ability of managers to discriminate which shallow basins are producing carp 
across a large sub-watershed of interconnected lakes could increase the efficacy of 
management practices which are aimed at the disruption of successful recruitment (i.e. 
surviving to join adult population). This study assessed for the first time whether carp 
nurseries in interconnected lake systems can be distinguished based on the concentrations 
of 11 trace elements measured in carp otoliths collected in the Six-Mile Creek sub-
watershed, Minnesota, USA (n=157).  Elemental concentrations in water were analyzed 
by high-resolution, inductively coupled plasma mass spectrometry (ICP-MS) and found 
to be different among sites and between habitats indicating variation in otolith 
microchemistry was possible. Elemental signatures of otoliths were obtained from laser 
ablation ICP-MS.  We found no significant (α=0.05) relationships between otolith and 
water elemental concentrations, preventing estimation of expected otolith signatures from 
water parameters for locations without otolith data. Ratios of aluminum (Al), barium 
(Ba), copper (Cu), iron (Fe), potassium (K), lithium (Li), magnesium (Mg), sodium (Na), 
phosphorus (P), and strontium (Sr) to calcium (Ca) in otolith edges differed significantly 
among carp from all capture sites.  Ratios of Ba, Fe, Li, manganese (Mn), and P to Ca 
differed significantly among juvenile carp from three nursery basins. Ratios of Al, Ba, 
Cu, Fe, Li, K, Na, P, and Sr to Ca were significantly different between nursery and non-
nursery habitat types. Quadratic discriminant analysis (QDA) could accurately classify 
otoliths to collection site (total accuracy 54%). QDA had increased accuracy when 
restricted to juvenile carp (76%) and classifying carp to nursery and non-nursery habitat 
types (87%) in contrast to individual sites. This analysis revealed that it is feasible to 
classify carp to their capture locations, discriminate between nursery and non-nursery 
habitat types, and even distinguish juvenile carp from individual nursery sites. Further 
evaluation of differences between elemental signatures of the core and edge region (i.e. 
recent and natal signatures) and water samples from multiple years suggests that 
elemental parameters in otoliths and water are changing across time preventing 
identification of past recruitment sources. Identification of past natal origins of carp in 
these systems using otolith microchemistry will require obtaining continuous signatures 
across larger spatial and temporal scales.  
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Introduction:  
The common carp (Cyprinus carpio; hereafter ‘carp’), is a benthivorous cyprinid 
native to Eurasia [1]. Carp are long-lived [2], mature early in life [3,4], and are fecund 
[4,73]. It is highly invasive in the North American Midwest and many other regions 
around the world [5,7,10] due to its benthivorous feeding activity, which causes 
numerous ecological problems [13–16].  Carp move into peripheral habitats in the spring 
for the purposes of reproduction both in their native [17] and invaded range [18–20]. 
These habitats serve as sources or nurseries to adult populations and need to be identified 
for management activities aimed at decreasing carp populations[2]. In some areas of the 
North American Midwest, the use of interconnected ponds and wetlands for breeding has 
been shown to drive recruitment (i.e. surviving to join adult population) patterns, as 
juvenile carp often thrive, and can then disperse to connected waters [18,21,22].  
Recruitment in these nursery habitats has been attributed to harsh winters periodically 
driving low levels of dissolved oxygen (DO) that induce fish kill events (i.e. winter 
kill)[18]. These winter kill events reduced the abundance of native egg predators, 
allowing for higher recruitment rates the following year when carp access these habitats 
to spawn [18,22]. 
Analyzing elemental signatures in otoliths to identify important nursery habitats 
for fish populations has recently become more common [30,31] and provides the 
potential to explore these dynamics I detail. Otoliths are the inner ear bones found in fish 
of the superclass Osteichthyes.  They are primarily comprised of calcium carbonate 
(CaCO3), but 31 other elements have been observed in low quantities [37].  Otoliths are 
continuously deposited and never reabsorbed, and therefore reveal a complete chemical 
record of a fish’s life from ontogeny to death [38]. Furthermore, Maillet & Checkley [39] 
revealed that deposition of CaCO3 and other trace elements is continuous even after 
somatic growth has stopped. Thus, the edge region of the otolith contains an elemental 
signature from the most recent portion of a fish’s life and the core reflects an elemental 
signature from its juvenile stage.  
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Previous studies support the use of fish otolith elemental compositions to discern 
a fish’s environmental exposure history (e.g. [34,45,46]).  Overall, water chemistry is an 
important factor in determining the incorporation of trace elements into fish otoliths. In 
addition to the chemical composition of the environment, some other factors have been 
shown to affect the rates at which these elements become incorporated into otoliths, such 
as ontogeny [49], diet [50], temperature [51], and fish growth rates [52].  Because of 
these factors, elemental composition of otoliths is not always directly related to 
concentrations in the water [43].  
Differences in water chemistry have been described when comparing sites in 
which salinity gradients are high (i.e. freshwater vs. sea water or estuary; [53]), in 
riverine systems [32], and over large differences in underlying geology [54,55].  In 
freshwater systems, such as interconnected lakes, local variation of trace elements 
concentrations in water can result from a number of factors such as physio-chemical 
absorption, biological uptake, and physical entrapment by sediment [57].  The physical 
characteristics of these freshwater environments also have the potential to drive 
differences in the relative importance of these mechanisms and consequently the 
chemical composition of individual water bodies, although many element-specific 
relationships are still poorly understood [57].  It has been shown that manganese (Mn), 
iron (Fe), and phosphorous (P) are released more readily from sediments of freshwater 
lakes and ponds during periods of anoxia. [58–61]. This suggests that the small ponds 
that serve as nursery habitats for carp due to anoxic conditions may have higher levels of 
Mn and Fe in contrast to the non-nursery habitats and trace elements may also differ 
among individual nurseries that experience anoxic conditions at different duration of 
frequencies.  It is likely that numerous elemental concentrations may be different 
between lakes and habitat types and therefore may be reflected in the otolith 
microchemistry of carp.  
To our knowledge otolith microchemistry of common carp has only been 
examined in three studies in Australia and New Zealand [23,30,63]. These studies have 
shown that this technique can be used to estimate the recruitment locations of  juvenile 
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carp in large riverine systems that do not experience winter anoxia [23,63] and to 
accurately classify adult and juvenile carp back to capture location [30].  It is currently 
unknown if this technique will be successful in common carp from interconnected lake 
systems that periodically experience anoxic conditions, in contrast to the river/floodplain 
complexes in which it has been previously assessed.  Additionally, these studies were not 
able to assign recruitment locations to members of the adult carp population, and thus an 
evaluation of the ability to interpret past recruitment is still needed.  Only one of these 
studies, reports a relationship between 87Sr/88Sr isotope in water and otoliths, and none 
report any relationship for trace element concentrations in water and otoliths. This 
suggests that an evaluation of the relationships between trace element concentrations in 
water and common carp otoliths is needed. Each individual study restricted classification 
to four or fewer elements and only five elements were used across all three studies. At 
present time, it is unknown if other trace elements in common carp otoliths can be used to 
discriminate capture and recruitment locations for this species, emphasizing a need to 
examine additional trace elements.  One additional study on big head 
(Hypophthalmichthys nobilis) and silver carp (Hypophthalmichthys molitrix) in the 
Mississippi River and its tributaries was able to show significant relationships between Sr 
concentrations in water and otoliths [31]. Norman and Whitledge [31] were able to use 
the established relationship to develop estimated ranges of otolith values in adult Asian 
carp otolith cores to produce estimates of recruitment contribution for different sites and 
habitat types retrospectively. This finding further highlights the importance of additional 
investigation into these relationships for common carp.  
The aim of this study was to use water and carp otolith chemistry to estimate the 
relative contributions of individual nursery basins across a system of interconnected 
lakes. The specific objectives were to: (1) evaluate the spatial and temporal variation in 
water chemistry of interconnected lakes of the North American Midwest; (2) determine if 
there is a direct relationship between water chemistry and carp otolith chemistry; (3) 
evaluate the spatial variation in otolith chemistry and determine if the multi-variate 
microchemical signature of otolith edges can be used to classify carp back to collection 
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site, habitat type (nursery and non-nursery), and differentiate individual nurseries; and (4) 
evaluate the temporal stability of otolith microchemical signatures in resident carp 
populations (i.e. spawned in location of capture).  These objectives allowed us to test 
whether carp otolith microchemistry might be useful to discriminate capture locations in 
interconnected lake systems and determine if additional trace elements can be used in 
discriminant analysis for this species. 
 
Methods: 
Study site 
The SMC is in the southwest corner of Minnehaha Creek Watershed District 
(MCWD) in Minnesota, USA (Figure 2-1).  Six Mile Creek sub-watershed spans 
approximately 7,000 hectares and encompasses a chain of 17 lakes and over a dozen 
ponds (i.e. small unnamed lakes) and wetlands of various size, depth, residence time, and 
amount of littoral area (Figure 2-1, Table 2-1). This system has its headwaters at Piersons 
Lake and eventually drains north via Six Mile Creek into Halsted’s Bay of Lake 
Minnetonka (Figure 2-1). This interconnected system of lakes, ponds, and wetlands is 
representative of many freshwater systems located in this region and around the world.  
The abundance, seasonal distribution, and movement and recruitment patterns of the 
carp population in the SMC was studied from July 2014 to December 2016.  Data from 
the carp assessment project in the SMC revealed that these lakes support carp populations 
that range in abundance (Appendix 1-Table 2).  This assessment also revealed that the 
total biomass of carp in the Six Mile Creek sub-watershed is approximately five times 
greater than the threshold value of 100 kg/ha, which was previously identified to cause 
severe ecological impacts in Midwestern lakes [10,74]. Furthermore, the study also 
identified areas in the sub-watershed where carp have recruited successfully in recent 
years.  During the three-year study period, juvenile carp were captured in eight locations 
(Mud, Crown Pond, Big SOB, North Lundsten, South Lundsten, Shady Pond, Carl Krey, 
Wassermann; Appendix 1-Table 5). Of these, Crown Pond, Big SOB, N. Lundsten, and 
South Lundsten, had substantially higher catch rates (Appendix 1-Table 5). Big SOB lake 
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is not believed to have historically served as a nursery area and presence of juvenile carp 
is likely an artifact of private fisheries management activities occurring in this lake in 
2015 (Appendix 1-Section 3.1.3). South and North Lundsten Lakes, which are in the 
middle portion of the sub-watershed are of primary concern because they can produce 
many juvenile carp and are well-connected to other lakes.  Several additional basins 
throughout the sub-watershed appear to have functioned as carp nurseries in the past (i.e. 
Marsh, Sunny, and Turbid,) but juvenile carp were not present during the study period 
(Appendix 1-Table 5).  All carp aged in the Turbid Lake population assigned to two age 
classes (2001, 2002) (Appendix 1-Figure 32), possessed a unique genetic signature 
(estimated ancestry 94%), and had lower genetic diversity characteristic of a genetic 
bottleneck (Chapter 3) suggesting that Turbid Lake itself acts as a sporadic nursery 
habitat.  Carp populations in lakes adjacent to Marsh (Piersons & Wassermann, Figure 2-
1) and Sunny (Zumbra, Figure 2-1) lakes also had distinct genetic ancestry (40%, 19%, 
and 62% respectively) in contrast to the rest of SMC, relating to their proximity to these 
nursery habitats (Chapter 3). The carp populations in lakes adjacent to these nurseries 
have also been visually observed migrating to these basins during spawning season 
(personal observation, [75]). Additionally, the age structure of the carp population is 
variable across the SMC but similar among lakes adjacent to these putative nursery 
habitats (Appendix 1-Figures 31-33). The combination of this evidence suggests that 
these basins have functioned as carp nurseries in the past and thus historic core signatures 
of the adult carp population likely contain signatures from these sites, in which juvenile 
carp are not currently present to characterize. An evaluation of the contributions of these 
nursery habitats to the larger sub-watershed carp population would allow for management 
activities to be prioritized.  
Water collection: 
Water samples were collected to evaluate the spatial and temporal variation in 
water chemistry within the interconnected lakes of SMC and evaluate the relationship 
between water and otolith chemistry.  Two water samples were collected from 13 water 
bodies in SMC in both August-September 2015 and August-September 2016 to assess 
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spatial and temporal variation in elemental water chemistry of adult and natal 
environments of carp. A third water sample was collected in September 2015 in South 
Lundsten Lake.  Water samples were collected using a syringe filtration technique 
described in Shiller [76]. Samples were shipped overnight to the Center for Trace 
Analysis (University of Southern Mississippi; USM) for analysis of trace elements by 
high-resolution, inductively coupled plasma mass spectrometry (ICP-MS). Water samples 
in 2015 were analyzed for a suite of 9 major, minor, and trace elements (Ba, Ca, Cu, K, 
Li, Mg, Mn, Na, and Sr). Water samples in 2016 were screened for a suite of 11 
elements, (Al, Ba, Ca, Fe, K, Mg, Mn, Na, P, S, and Sr) to identify additional elements 
that could add discriminatory power.  
Water ICP-MS: 
In the USM lab, samples for elemental analysis were acidified to pH < 2 using 
ultrapure HCl (Seastar). Dissolved elemental concentrations were determined using a 
sector-field ICPMS (ThermoFisher Element XR). The instrument was operated in 
medium resolution mode to avoid isobaric interferences such as ArO+ with 56Fe. A low 
flow (100 μL/min) self-aspirating nebulizer (Elemental Scientific) and Teflon spray 
chamber were utilized. Samples were diluted either 2-fold in 0.32 M ultrapure nitric acid 
for Sr and Ba analysis or 10-fold in 0.16 M ultrapure nitric acid for other elements with 
added internal standard (1 μg/L In) to minimize matrix effects and correct for 
instrumental drift. Calibrations were performed using standards made in 0.16 M nitric 
acid. The standards were cross-calibrated using standard reference waters from the US 
Geological Survey. Sample acidification and other preparations for analysis were carried 
out in a laminar flow clean bench. Relative analytical precision for samples well above 
the detection limit was typically ±5% (1σ). See also Shiller (2003) for additional details. 
Limits of detection for the 13 elements (Al, Ba, Ca, Cu, Fe, K, Li, Mg, Mn, Na, P, S, Sr) 
used in water analysis are available in Table A2.1; all elements were above LOD in at 
least 98% of the samples. 
Carp otolith collection: 
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To evaluate whether otolith microchemical signals could be used to classify carp 
to capture location and habitat type, as well as natal location and habitat type, adult and 
juvenile carp were collected from eight locations within the SMC (Table 2-2; Figure 2-1).  
Juvenile carp were defined as both young-of-year (YOY) and Age-1 carp. YOY carp 
were identified as those that lacked an annual increment, Age-1 were identified as those 
that contained only one annual increment, and adult were identified as those that had two 
or more annual increments in sectioned asteriscus otoliths examined under a microscope 
(see [18,77]).  No juvenile carp were observed to be sexually mature at time of captures.   
Only adult carp were collected at four locations (Piersons, Wasserman, Auburn, 
and Parley) because these locations support large adult populations (Appendix 1-Table 2) 
and juvenile carp were never present in large numbers (Appendix 1-Table 5). Three 
locations were sites that contained high numbers of juvenile carp (North Lundsten, South 
Lundsten, Crown; Appendix 1-Table 5). One additional location, Turbid Lake, was also 
sampled and believed to be a putative nursery based on genetic and aging data although 
no juvenile carp were captured during the study period. Three of these four nursery sites 
(North Lundsten, South Lundsten, & Turbid) also support abundant adult carp 
populations (Appendix 1-Table 2). No adult carp were captured in Crown Pond during 
the study. Crown pond is primarily isolated from the rest of the chain, connected 
seasonally via an ephemeral stream, and thus it is reasonable to assume that Age-1 fish 
collected from this site were spawned there. A summary of the sample numbers and 
average total length (TL) of carp by collection site can be found in Table 2-2.  
Carp analyzed for otolith microchemistry were caught using standard fisheries 
techniques: both boat electrofishing (5–12 A, 80–150 V, 20% duty cycle, 120-pulse 
frequency) and trap nets (9.5 mm square mesh, 7.6 m lead, 1 m x 0.69 m double frame).  
Adult carp were captured in 2015 and 2016 via boat electrofishing. Juvenile carp were 
captured with trap nets in 2015 and 2016 and boat electrofishing in 2016. After capture, 
carp were stored frozen until otolith extraction.  
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Otolith preparation 
Asteriscus otoliths were examined in this study because they are the largest otolith 
in carp and other ostariophysarian fishes [78].  Asteriscus otoliths have been used for 
aging studies in conjunction with this project (Appendix 1-Section 2.3.2) and other aging 
studies of this species [18,77].  Although the lapillus or sagittus otoliths are more 
commonly used for microchemical analysis, the detailed understanding of growth 
increments in the asteriscus otolith type for carp allowed for quantification of elements in 
regions of interest for this project.  
Otolith extraction was conducted using a modified version of the up-through-the-
gills method described by Secor et al. [78]. Briefly, carp were decapitated posterior to the 
gill arches, gill arches were then cut and removed along with epidermal, connective, and 
muscular tissue from the inferior portion of the neurocranium, and the utricular maculae 
cavity was opened to expose the asterisci otoliths. The otoliths were then removed using 
clean non-metallic forceps. Once extracted, otoliths were rinsed with ultrapure (Milli-Q) 
water to separate any connective tissue and remove any internal fluids still present. 
Otoliths were left to dry overnight before storage in glass scintillation vials. 
One otolith (left or right) was then selected at random and mounted in a two-part 
epoxy resin (Logitech type 301).  A 0.60 mm transverse section through the core was 
removed with a low-speed diamond blade Buehler Isomet saw. Transverse core sections 
were polished sequentially with 30, 12, 9, and 0.5 um grit paper until the otolith surface 
was smooth and the core region was exposed. Transverse sections were then mounted on 
petrographic slides with thermoplastic cement. The prepared slides were then polished 
again with 0.5 um and rinsed with Milli-Q water and dried overnight to remove any 
surface contamination.  
Otolith Laser Ablation ICP-MS 
 Otolith microchemical analyses were conducted at the University of Windsor, 
Great Lakes Institute for Environmental Research (GLIER), Windsor, Ontario, Canada. 
Trace element compositions of otoliths were quantified using a laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) system comprising a laser system 
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(PhotonMachines®, Analyte Excite, 193 nm ArF) coupled with a quadrupole ICP-MS 
(Agilent model 7900®). Straight line laser ablations were conducted across entire otolith 
sections through the core under the following conditions: 25-μm diameter laser beam, 5 
μm/s ablation speed, 35% power, 20 Hz pulse repetition rate, and He carrier gas.  The 
ICP-MS was operated with 1250 W RF power, and a nebulizer gas flow rate of 0.84 
L/min. The signal intensities in integrated counts/second (ICPS) for 25 isotopes were 
measured and were used to quantify the concentrations of 21 elements (Al, B, Ba, Ca, Cr, 
Cu, Fe, K, Li, Mg, Mn, Na, P, S, Si, Sn, Sr, Ti, V, U, Zn). The signal intensities of 
multiple isotopes for some elements (Ca, Ba, Sn, and Sr) were measured for internal 
standardization and interference correction purposes. Given the speed of the ablation and 
the number of isotopes measured, concentrations were output roughly every 0.3 second of 
the ablation. Two runs ablating synthetic borosilicate glass standard reference material 
(National Institute of Standards and Technology [NIST] 610) with known concentrations 
of the elements of interest were analyzed both before and after approximately every 12 to 
15 otolith samples to provide external calibration standards, calculate the limits of 
detection (LOD) for each element, and to correct for instrumental and carrier gas 
background levels using methods outlined in Longerich et al [79] and Ludsin et al. [80]. 
Ca was used as the internal calibration standard and was used to convert raw ICPS to 
concentration units (ppm). At least 95% of the samples were above LOD for the 11 
elements (Al, Ba, Cu, Fe, K, Li, Mg, Mn, Na, P, Sr) used in otolith analysis (Table A2.2). 
Data for the remaining elements were not used in any further analysis due to low LOD, 
low levels of element in NIST 610 standards, or unavailability of complimentary water 
data. 
After completion of the laser ablation, otolith cross sections were photographed 
on a compound microscope, under transmitted light. The distances between annulus 
along the ablated transect were then measured digitally using ImageJ software [81].  
Elemental signatures for each year of life were then extracted from the continuous 
concentration data. The distance from the edge of the otolith to the last (most recent) 
annulus was used to obtain a signature from the capture location (Figure 2-2). The 
distance between the first annulus and the primordium, hereafter termed core, was used to 
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reflect the natal signature of the carp (Figure 2-2).  This was used instead of just the 
primordium because in some cases it was impossible to clearly distinguish the border of 
the primordium for YOY carp. Otoliths with annuli that could not be clearly 
distinguished visually were removed from the analysis.  
Statistical analysis 
Sample collection sites for element analysis were classified into two categorical 
groups: nursery or non-nursery habitats. Sites were classified as nursery habitats if they 
had a documented history of producing carp or are putative nurseries based on aging and 
genetic evidence as described previously.  Some nursery habitats also support adult carp 
populations. Non-nursery habitats consisted of water bodies in which large adult carp 
populations are present, but there was no evidence of juvenile carp.  
Elemental concentration data were converted to molar element to calcium (Ca) 
ratios (mmol/mol for water, umole/mol for otoliths) because Ca is the predominant 
element in the otolith and differing levels of Ca were found between various water bodies 
of SMC. Although Ca was normalized to calcium in otolith LA-ICP-MS through its use 
as internal standard, it was not normalized in water ICP-MS. Element: calcium data was 
natural log transformed (ln (x+1)) to meet normality assumptions of parametric tests. 
Assumptions were evaluated visually using residual plots, standardized residual plots, 
square root of standardized residual plots, Cook’s distance, and Q-Q plots. Homogeneity 
of variance assumptions were evaluated using Levene’s test. All statistical analysis was 
conducted in R statistical package [82] using the Agricolae [83], PMCMR [84], MASS 
[85], KLAR [86], and CAR [87] packages. Results were considered significant at P≤0.05.  
 
Water analysis 
To evaluate the spatial and temporal variation in water chemistry in SMC 
(Objective 1), multiple statistical tests were performed. Our hypothesis was that each site 
would have a distinct elemental signature that remained consistent across years.  A 
univariate approach using one-way analyses of variance (ANOVAs) and post hoc 
Tukey’s honest significant difference (HSD) test for multiple comparisons were used to 
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assess differences in water parameters among individual sites. Elemental parameters in 
water were tested exclusively with parametric ANOVA although nine of the twelve 
parameters (Al, Fe, K, Li, Mg, Mn, P, S, and Sr) violated homogeneous variance 
assumptions as Kahn and Rayner [88] concluded that ANOVA is robust to violations in 
normality and variance and has greater power than Kruskal-Wallis test at sample sizes < 
5.  A Student’s or Welch’s t-test was used to assess differences in water chemistry 
parameters between habitat types if variance was equal or unequal, respectively, between 
groups. A multivariate approaching using a two-way ANOVA and post hoc Tukey’s 
HSD test for multiple comparisons on water elemental parameters was conducted to 
assess temporal variation between sampling years (2015-2016) within lakes for elements 
that were measured in both years (Ba, K, Mg, Mn, Na, Sr).  
Otolith analysis 
 To determine if there was a direct relationship between water chemistry and carp 
otolith chemistry (Objective 2), a least-squares linear regression was applied to otolith 
edge chemical parameters and corresponding water chemical parameters collected within 
one month (31 days of otolith capture) from the same collection locations. Our hypothesis 
was that a strong positive relationship exists between water and otolith microchemistry, 
which would allow for otolith signatures to be matched to water signatures in sites of 
residence throughout a carp’s life.  
A univariate approach was also used to assess spatial variation in otolith edge 
composition among sites and between site types.  Otolith chemistry parameters were 
evaluated in two analyses: one consisting of all samples, and another consisting of only 
juvenile carp to understand the ability of differentiating individual nurseries.  These 
analyses were also conducted on otolith core signatures for juvenile carp only.  One way 
ANOVAs and post hoc Tukey’s HSD test for multiple comparisons were also used to 
assess differences in otolith chemistry parameters among individual sites. However, 
Kruskal-Wallis tests and post hoc pairwise comparisons using Tukey and Kramer 
(Nemenyi) test with Tukey’s distance approximation was used to assess differences 
between sites in otolith chemistry parameters that did not have homogeneous variance 
within groups as otolith sample size were all ≥ 10. Variation in otolith edge concentration 
  26 
between habitat types was tested in the same manner as water concentrations. Otolith 
chemistry parameters that differed significantly among sample sites and site types were 
evaluated using a multiple analysis of variance (MANOVA). 
To determine if multivariate otolith signatures could classify carp back to 
collection site and habitat type (Objective 3), we applied two types of classification 
analysis. Conducting both analyses allows us to make comparisons and further assess the 
most appropriate model for these data as Mercier el al. [66] found that classification 
results can vary based on model selection due to failure to meet their respective 
assumptions. Variables found significant in ANOVA were entered in a both-directions 
stepwise variable selection (fold cross validation proportional to group size, ability to 
separate method, stop criterion <5%), and quadratic discriminant analysis (QDA). This 
analysis characterized the multivariate signatures of the otolith edges from all sampling 
sites and otolith edges of juvenile carp. Our hypothesis was that each site and habitat type 
has a unique multi-variate elemental signature that can be used to assign carp back to the 
site or habitat type in which they were captured.  QDA was used instead of other linear 
discriminant analysis because it relaxes the assumption of homogeneity of variance 
within groups, allowing for significant elements from the Kruskal-Wallis ANOVA to be 
utilized [66].  QDA was conducted with a priori classification probabilities proportional 
to group size and carried out using a leave-one-out cross validation procedure to assess its 
accuracy and validity. Mg was not used in any discriminant analysis because data did not 
meet the assumptions of normality required for the QDA. K-nearest neighbor (KNN) 
discriminant algorithm was also used with the same set of variables to characterize the 
multivariate signatures of the otolith edges. KNN does not require any parametric 
assumptions of variance or normality while QDA does require that data be multi-variate 
normal. The K-nearest neighbor was performed with a K=2. Both multivariate 
classification analyses were also conducted on the core signatures of juvenile carp to 
determine if discriminating individual nursery habitats could be done with both core and 
edge signatures. 
To evaluate the temporal stability of otolith signatures (Objective 4), a pairwise t-
test was conducted to assess differences in elemental parameters between otolith edges 
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and otolith cores for adult carp captured in Turbid Lake and Age-1 carp captured in 
Crown Pond, as these carp were spawned in the same location as their capture. Our 
hypothesis was that each region would have a similar elemental signature as the 
represented occupation in the same environment. These tests were run independently to 
understand this relationship at different temporal scales. Core values for Crown Pond fish 
represent birth in 2015 while all carp in Turbid Lake aged in the SMC assessment were 
born in 2001 or 2002 (Appendix 1-Figure 32)  
 
Results: 
Spatial and temporal variation in water chemistry: 
Water parameters differed spatially within the SMC. Calcium concentrations were 
significantly different between sites (ANOVA F=6.392, DF= 12,40 , P<0.0001) but not 
different between site types (Welch’s T-Test, T=-1.161, df=24.424, P=0.2569), 
consequently concentration data was converted to molar ratios to Ca.  The one-way 
ANOVA showed that all element parameters in water were significantly different 
between at least one site except Al (Figure 2-3). Five elements (Fe, K, MN, Na, and S) 
were significantly different among habitat types (Figure 2-4). Mean elemental ratios in 
water from nursery sites were enriched in Fe and Mn, while non-nursery sites had 
relatively higher levels of K, Na, and S (Figure 2-4).  
Two-way ANOVA corroborated results of the one-way ANOVAs in that Ba, K, 
Mg, Mn, Na, and Sr were different between lakes; however, with the exception of Na all 
elements showed a significant interaction effect (lake x year) (Table 2-3). While Ba 
showed a significant interaction, the post hoc Tukey’s HSD did not find any lakes that 
had significant differences between lakes after correcting for multiple comparisons. This 
demonstrates that most elements were significantly different between years within at least 
one lake, and Ba and Na were not significantly different between years within any single 
lake (Appendix 2, Table A2.16). The Tukey’s HSD test on the interaction effect shows 
that Crown Pond had significantly different concentrations of K, Mg, Mn, and Sr in 2015 
compared to 2016 (Appendix 2, Tables A2.17-20). It also shows that Carl Kray and 
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Turbid lakes had significantly different K and Mg concentrations respectively between 
years (Appendix 2 Tables A2.17-18). 
Relationship between water and otolith microchemistry: 
 Least squares regressions showed no significant relationships between elemental 
parameters in water and otolith edge values for carp collected within one month (31 days) 
of water collection date (Figure 2-5).  
Spatial variation in otolith microchemistry and multi-variate classification analysis: 
 Univariate analysis of otolith microchemical signatures showed that all elements 
except Mn were significantly different between at least one site (Figure 2-6).  MANOVA 
of otolith edge parameters determined to be significant between sites, incorporating Al, 
Ba, Cu, Fe, K, Li, Na, P, and Sr, showed the eight collection locations in the SMC had 
signiﬁcantly different multivariate otolith chemistry signatures (Pillai’s Trace Statistic = 
2.04, F = 6.69, df = 7, 63, P<0.0001). Stepwise variable selection eliminated Al and 
multivariate classification analysis of all sample otolith edges was conducted with Ba, 
Cu, Fe, Li, Na, P, and Sr parameters. Hereafter, only QDA results are discussed in detail 
because KNN classification showed similar results to that of QDA providing further 
evidence that data meet the normality assumptions of QDA (Appendix 2).  QDA to 
classify all carp back to their capture location resulted in an overall accuracy (total 
samples correct/total samples) of 54% and accuracy ranged from 25-72.5% by site (Table 
2-4).  
Univariate analysis to determine whether otolith microchemical signature can 
discriminate all carp between habitat types showed that Al, Ba, Cu, Fe, Li, K, Na, P, and 
Sr were significantly different between nursery and non-nursery habitats (Figure 2-7).  
Carp otolith edges from nursery sites were generally enriched in Al, Cu, K, Li, Na, and 
Sr, while carp otolith edges from non-nursery sites were enriched in Fe and P (Figure 2-
7). MANOVA of otolith edge parameters significantly different among habitat types, 
incorporating Al, Ba, Cu, Fe, Li, K, Na, P, and Sr, shows that the two site types had 
signiﬁcantly different otolith chemistry signatures (Pillai’s Trace Statistic = 0.5516, F = 
20.095, df = 1, 155, P<0.0001). Stepwise variable selection eliminated Sr from multi-
variate classification analysis of all otolith edges to habitat type. This analysis was 
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conducted with Al, Ba, Cu, Fe, K, Li, Na, and P parameters. QDA resulted in an overall 
accuracy of 87%, with 92% of carp from nursery habitats and 79% of carp from non-
nursery habitats classified correctly (Table 2-5).  
Univariate analysis to determine whether otolith microchemical edge signatures 
can be used to discriminate between capture sites for juvenile carp showed that Ba, Fe, 
Li, Mn, and P were different between at least one capture site (Figure 2-8). MANOVA of 
juvenile carp otolith edge parameters significant between sites, incorporating Ba, Fe, Li, 
Mn, and P, showed the three juvenile collection locations in the SMC had signiﬁcantly 
different otolith chemistry signatures (Pillai’s Trace Statistic = 0.9956, F = 10.508, df = 
2, 56, P<0.0001). The same elemental variables were found to be significant for juvenile 
otolith core analysis (Appendix 2, Figure A2.1; A2.25 & A2.26).  Stepwise variable 
selection did not eliminate any variables from multivariate classification analysis of 
juvenile carp otolith edges. QDA of juvenile carp otolith edges resulted in an overall 
accuracy of 76% and was similar between the three nursery sites, ranging from 76 to 
77.7% by location (Table 2-6).  
Temporal stability of otolith microchemistry in resident carp populations: 
To determine whether otolith microchemical signatures are stable across time, 
pairwise t-tests of otolith edge and core values from carp captured in their natal locations 
showed variable results depending upon the age of carp analyzed. Edge and core 
elemental parameters of Age-1 carp from Crown Pond only showed significant 
differences in two elements. The edge was enriched for both Mn and P in comparison to 
the core (Figure 2-9). Edge and core elemental parameters of adult carp from Turbid 
Lake showed significant differences in nine elements. Cores of Turbid Lake adults were 
enriched in Al, Ba, Cu, K, Li, Na, and Sr, but had lower levels of Mg and P in 
comparison to the edge (Figure 2-10). 
 
Discussion: 
 To our knowledge, this is the first study of carp otolith microchemistry in a 
system of interconnected freshwater lakes that periodically experience winter anoxia, and 
to attempt discriminant analysis with more than four trace elements.  Our analysis of 
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water chemistry among water bodies in the SMC suggested that otolith chemistry of carp 
captured in these locations should differ. Our results demonstrate differences in otolith 
chemistry and that it is possible to use otolith microchemical signatures to discriminate 
carp from different capture sites with moderate accuracy (54%), from different habitat 
types with high levels of accuracy (87%), and identify juvenile carp from three separate 
nursery habitats with high levels of accuracy (76%).  Further evaluation of differences 
between elemental signatures of the core and edge region (i.e. recent and natal signatures) 
and water samples from multiple years suggests that elemental parameters in otoliths and 
water are changing across time, thus preventing retrospective identification of past 
recruitment sources. 
Spatial and temporal variation in water chemistry: 
 Differences in the chemical composition of water between sites and habitat types 
of the SMC suggested that otolith chemistry may also differ by site and habitat type.  
Nursery sites had elevated levels of Fe, Mn, and P in the water. This might be a result of 
more exposure to periods of anoxia in these shallower locations because anoxia has been 
shown to increase the release of Fe, Mn and P from sediments in freshwater systems 
despite the influence of other factors in the release of P during anoxia [58,60,61]. Harsh 
winters that drive winter anoxia have been shown to drive recruitment dynamics of carp 
in these systems [18].  Through this relationship, it is logical to conclude that the water in 
carp nurseries had elevated levels of Fe, Mn, and P.  
 If otolith chemical signatures reflect that of the aquatic environment, applications 
aimed at understanding fish biology in these environments would benefit if water values 
remained constant across time. However, natural aquatic environments are extremely 
dynamic in nature. The confounding effect of large temporal variation in water chemistry 
limits the application of otolith microchemical signatures to address biological questions.  
The two-way ANOVA and Tukey’s HSD test of water parameters considering the effect 
of collection site, year, and interaction of these factors showed that Ba and Na were not 
statistically different between 2015 and 2016 at any site but K, Mg, Mn, and Sr were. Our 
resulting spatial differences suggest Ba and Na have discriminatory power between sites 
and little temporal variation was observed between the two years sampled. Temporal 
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variation in other elements was found in only three basins but was not present in most 
basins suggesting future analysis should consider the use of Al, Ba, Cu, Fe, K, Li, Na, P, 
and Sr.  Inter-annual variation of elemental parameters in water and otoliths have 
previously been reported [23,89]. These studies, like ours, were still able to classify fish 
correctly despite temporal variation; demonstrating that elements that do show annual 
variation in water may still be useful for classifying fish back to their capture locations. It 
is reasonable that water chemistry varies both inter and intra-annually as the bio-chemical 
processes that drive chemical concentrations likely change across both seasons and 
through time. Intra-annual variation was not addressed in this study because water 
samples were only collected once a year.  
Relationship between water and otolith chemistry: 
A least squares linear regression did not show any significant relationship 
between water and otolith chemical parameters collected at similar times. Numerous 
studies of otolith microchemistry across multiple taxa and locations have determined that 
water chemistry is the primary driver of chemical composition of otoliths for some 
elements [31,37,90].  It is also recognized, however, that other biotic and abiotic factors 
affect the rates at which these elements become incorporated into otoliths such as 
ontogeny [49], diet [50],temperature [51], and fish growth rates [52]. The non-significant 
relationships suggest that more comprehensive water sampling should be considered in 
future studies to address both inter and intra-annual variation in water chemistry. Future 
studies could also benefit from controlled laboratory experiments that further develop the 
relationships between elemental concentrations in water and the resulting incorporation 
into carp otoliths.  
Spatial variation in otolith microchemistry and multi-variate classification analysis: 
Our overarching goal was to estimate the proportion of carp recruitment in the 
SMC attributable to individual putative nursery sites. The lack of otolith samples from all 
potential nursery areas and non-significant correlations between water and otolith 
elemental signatures prevented a reliable estimate of an expected signature from these 
locations and obstructed us from achieving this goal. It appears that large variation in 
elemental composition of water between years may be largely responsible for this. This 
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relationship could also be further confounded by the mobility of carp in this system. Half 
of the radio-tagged carp in the carp assessment project moved to at least one other lake 
over the two-year study period (Appendix 1; Table 3, Figure 30). Annual movement rates 
of radio-tagged carp between lakes were variable but high (>75%) in some cases 
(Appendix 1-Figure 30). The otolith chemical signature used was an average value over 
the last year of life so intra-annual movements could bias the microchemical signature of 
otolith edges.  
Despite a lack of relationships between water and otolith elemental 
concentrations, significant differences were found in the amount of Al, Ba, Cu, Fe, K, Li, 
Na, P, and Sr between otolith edges of all carp captured at different sites. Significant 
differences in the amount of Al, Ba, Cu, Fe, K, Li, Na, and P were found between carp 
captured in nursery habitats compared to those captured in non-nursery habitats. 
Significant differences were also found in the concentration of Ba, Fe, Li, Mn and P in 
juvenile carp otolith edges captured in three different nursery sites.  QDA of all carp 
otoliths among eight separate collection locations achieved a total accuracy of 54%, 
demonstrating that classification to capture location is possible.  This rate is comparable 
to Blair and Hicks [30] , who achieved 59% total accuracy in a similar analysis on adult 
and juvenile Koi carp, a subspecies of common carp [65], in a riverine system in New 
Zealand. Furthermore, our accuracies ranged from 25 to 73% depending upon location 
while Blair and Hicks [30] had some sites to which they failed to accurately classify any 
carp. The ability to classify carp from all locations in our study with at least moderate 
accuracy suggests that classifying carp to collection locations may be more feasible in an 
interconnected lake system compared to the riverine environments carp inhabit in New 
Zealand.  QDA of juvenile carp among three separate nurseries had accuracies exceeding 
76% for all three sites. These results are encouraging in the fact that juvenile carp from a 
single year class, across three nursery areas less than 4 km apart in an interconnected lake 
system, can be distinguished from one another with a high degree of accuracy.  These 
results support those of Crook et al. [23] who demonstrated that linear classification 
analysis of post larval carp in a large river system using only trace element signatures 
could obtain an accuracy of 73 to 97%.    
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 Additionally, results classifying all carp back to the habitat type in which they 
were captured based on otolith edge values resulted in 87% total accuracy using Al, Ba, 
Cu, Fe, K, Li, Na, and P parameters. This suggests that it may be possible to determine if 
a carp was spawned in a nursery or non-nursery (adult) habitat if further evaluation of 
recruitment sources was needed. It has been shown that carp in the interconnected lake 
systems in central Minnesota, USA, recruit sporadically in seasonally unstable basins 
following anoxia-driven winter kill events and the consequent decreased abundance of 
egg predators [18].  However, in other systems (e.g. interconnected lakes in South 
Dakota, USA) it has been shown that carp recruitment is more continuous and is not 
confined to these small seasonally unstable basins but rather different habitats within 
lakes [24]. It is reasonable to believe that there may be some level of  “in-lake 
recruitment” occurring in the systems such as the SMC and elsewhere but that low 
probability of capturing these small carp in the drastically larger lakes that define the 
non-nursery habitat types may be difficult. If carp captured in these different habitat types 
can be distinguished by the chemical composition of their otolith edge, as our results 
demonstrate, it may also be possible with a larger data set to distinguish core values 
based on these site types and attempt to quantify how much successful recruitment is 
occurring within the stable non-nursery sites.  
 Further examination of the relationship between otolith edges and cores from carp 
captured in their location of origin produced conflicting results.  Analysis of otoliths from 
carp collected in Crown Pond revealed that only Mn and P were significantly different 
between the two otolith regions. The same analysis on adult carp from Turbid Lake (14 
and 15 years old; Appendix 1-Figure 32) showed that all elements except Mn and Fe 
were significantly different between the edge and core regions of the otolith.  This 
suggest that either composition of these elements in water changed between years and is 
reflected in the otoliths or incorporation of these elements into the otolith may be highly 
influenced by other processes such as temperate, growth rate, or ontogeny. Of the 
elements that show significant differences, only Mn was measured in both natal and 
collection years for Crown Pond and was approximately four times higher in water 
collected in 2015 compared to 2016.  Manganese concentrations were higher in the edge 
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(2016 signature) of carp collected in Crown Pond suggesting that the composition of the 
water did not drive otolith composition. This supports the conclusions of Turner and 
Limberg [52] that Mn uptake in otoliths is readily influenced by endogenous factors such 
as growth rate, which sheds some doubt on the use of Mn to distinguish natal habitats in 
the future. However, different nursery habitats may possess other characteristics, such as 
food availability, driving differences in growth rate and consequently Mn concentrations 
found in carp otoliths. It is plausible that these characteristics may be more stable than 
water concentrations over time and the resulting otolith signatures could be useful for 
discriminating between sources.   
 The relationship with water parameters alone may be irrelevant as the aim of 
otolith microchemical analysis is to learn about fish movement and not to use the otoliths 
to infer water chemistry [43]. However, a lack of relationship further emphasizes the 
importance of having otolith samples from all possible locations. Regardless of the 
underlying mechanism, the differing concentrations of Mn and P in the edge and core 
regions of Age-1 carp suggest that more evaluation of temporal variation in otolith 
signatures is needed because these were two of the five elements that were used to 
accurately classify juvenile carp to nursery sites. Furthermore, differing composition of 
most elements in adult carp from Turbid Lake suggest that elemental signatures may be 
quite different in carp across larger temporal scales in these systems (i.e. 14 & 15 years in 
comparison to two years).  These combined results suggest that for natal origins to be 
quantified in the future, otolith samples must be collected from nursery habitats every 
year in which they recruit. The enrichment of Mn in the edges rather than the core of 
Age-1 carp from Crown Pond contradicts studies of other taxa that have found Mn 
enrichment in the core region of the otolith that are related to oxygen levels of natal 
habitats [49,91] and ontogenetic factors [92].   
Our results suggest that future studies aimed at quantifying nursery contribution 
using otolith microchemistry may be possible because otolith signatures of juvenile carp 
are distinguishable among spatially discrete nurseries and between habitat types. They 
support the combined conclusions of Crook et al. [23] and Blair and Hicks [30] that 
classification of younger carp yielded higher accuracy than that of adults. They reaffirm 
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the inference that temporal variation in water chemistry and high levels of carp 
movement between sites reflected in otolith chemistry complicates this application. Our 
results also indicate, that these techniques may still be somewhat limited and require 
more extensive sampling across large spatial and temporal scales to improve the ability to 
classify nursery habitats of adult carp retrospectively.  This would require significant 
monetary and labor investment, which may contradict perceived reductions in these 
investments as a benefit of these techniques. Continuing to collect otolith samples for 
microchemical analysis while conducting classic fisheries surveys to quantify nursery 
contribution, would allow for further development of these techniques and an increased 
understanding of carp recruitment dynamics.  
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Table 2-2. Capture site, type, average total length (±se), and sample size of carp used in 
otolith microchemistry analysis (n=157).  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Capture site Type Total Length (mm) N
Crown Age-1 298 ± 9.2 8
YOY 115.1 ± 5.9 17
N.Lundsten Adult 595.2 ± 17.2 15
YOY 112.1 ± 8.1 9
Parley Adult 699.5 ± 13.1 11
Piersons Adult 638.4 ± 12.0 15
S.Lundsten Adult 601.2 ± 21.3 15
Age-1 207.0 ± 6.0 2
YOY 146.6 ± 7.32 23
Turbid Adult 682.2 ± 17.7 11
W.Auburn Adult 523.6 ± 11.4 16
Wassermann Adult 627.7 ± 9.1 15
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Table 2-3. Results of Two-way ANOVA on water considering collection site and year of 
collection. Stars denote significance: *=P≤0.05, **=P≤0.01, ***=P≤0.001.  
  Element Df Sum.Sq Mean.Sq F-statistic P-Value Significance
Lake 12 0.1807 0.015058 18.341 6.13E-10 ***
Date 1 0.00096 0.000961 1.17 0.2889
Lake:Date 12 0.02126 0.001771 2.158 0.0474 *
Residuals 27 0.02217 0.000821
Lake 12 2.5495 0.21246 22.273 6.33E-11 ***
Date 1 0.0442 0.04415 4.629 0.0405 *
Lake:Date 12 1.0909 0.09091 9.53 7.41E-07 ***
Residuals 27 0.2575 0.00954
Lake 12 0.8521 0.071 23.679 3.06E-11 ***
Date 1 0.0456 0.04563 15.215 0.000575 ***
Lake:Date 12 0.1785 0.01488 4.961 0.000269 ***
Residuals 27 0.081 0.003
Lake 12 6.64 0.5533 17.509 1.04E-09 ***
Date 1 0.363 0.3634 11.5 0.00216 **
Lake:Date 12 2.235 0.1863 5.894 6.54E-05 ***
Residuals 27 0.853 0.0316
Lake 12 10.52 0.8767 122.467 <2e-16 ***
Date 1 0.035 0.0355 4.958 0.0345 *
Lake:Date 12 0.145 0.0121 1.692 0.1247
Residuals 27 0.193 0.0072
Lake 12 0.5541 0.04617 36.61 1.50E-13 ***
Date 1 0.0033 0.00328 2.601 0.118395
Lake:Date 12 0.0789 0.00658 5.214 0.000181 ***
Residuals 27 0.0341 0.00126
Ba
K
Mg
Na
Sr
Mn
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Table 2-4. QDA classification accuracy by capture site based on otolith edge samples of 
adult and juvenile carp. 
 
  Crown N.Lundsten Parley Piersons S.Lundsten Turbid W.Auburn Wassermann % Correct Prior probability (%)
Crown 25 16 0 0 0 8 0 0 1 64 15.92
N.Lundsten 24 1 13 0 2 6 0 1 1 54.17 15.29
Parley 11 0 1 4 0 1 1 3 1 36.36 7.01
Piersons 15 0 3 0 8 1 0 1 2 53.33 9.55
S.Lundsten 40 4 2 1 2 29 2 0 0 72.5 25.48
Turbid 11 0 0 3 0 3 5 0 0 45.45 7.01
W.Auburn 16 0 1 3 7 0 0 4 1 25 10.19
Wassermann 15 0 4 0 3 0 0 2 6 40 9.55
Capture site n Predicted classification
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Table 2-5. QDA classification accuracy by habitat type based on otolith edge samples of 
adult and juvenile carp.  
 
 
 
  
Capture site type n
Adult Nursery % Correct Prior Probabily (%)
Non-nursery 57 45 12 78.95 36.31
Nursery 100 8 92 92.00 63.69
Predicted Classificaiton
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Table 2-6. QDA classification accuracy by capture site based on otolith edge samples of 
juvenile carp.
 
  
Capture site n
Crown N.Lundsten S.Lundsten % Correct Prior probability (%)
Crown 25 19 0 6 76 42.37
N.Lundsten 9 2 7 0 77.78 15.25
S.Lundsten 25 6 0 19 76 42.37
Predicted classification
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Figure 2-1. Map of Six Mile Creek (SMC) sub-watershed water and otolith sample 
locations. Squares and triangles denote water bodies in which carp otoliths and water 
samples were collected for chemical analysis classified as nursery and non-nursery 
habitats respectively. Circles denote water bodies in which only water samples were 
collected. Grid is Universal Transferse Mercader (zone 15N).  
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Figure 2-2. Examples of linear otolith transects detailing regions of interest: A) Adult 
otolith B) Age 1- otolith. 
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Figure 2-4. Mean (±se) natural log transformed element ratios to calcium in water by 
habitat type. Stars denote significance between habitat type based on student’s (Cu & S) 
and Welch’s T-test (Al, Ba, Fe, K, Li, Mg, Mn, Na, P, S, Sr) *=P≤0.05, **=P≤0.01, 
***=P≤0.001. Ba, K, Mg, Mn, Na, and Sr were measured in 2015 and 2016. Cu and Li 
were measured in 2015. Al, P and S were measured in 2016 
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Figure 2-5. Least squares linear regressions of natural log transformed water and 
otolith edge parameters for otolith samples collected within 31 days of water samples. 
Gray shaded area represents the 95% confidence interval around the regression.  
  47 
  F
ig
u
re
 2
-6
. 
M
ea
n
 (
±
se
) 
n
at
u
ra
l 
lo
g
 t
ra
n
sf
o
rm
ed
 e
le
m
en
t 
ra
ti
o
s 
in
 o
to
li
th
 e
d
g
e 
b
y
 s
it
e.
  
S
it
es
 t
h
at
 s
h
ar
e 
le
tt
er
s 
ar
e 
n
o
t 
si
g
n
if
ic
an
tl
y
 d
if
fe
re
n
t 
b
et
w
ee
n
 s
it
es
. 
A
L
, 
K
, 
L
i 
h
ad
 e
q
u
al
 v
ar
ia
n
ce
 b
et
w
ee
n
 g
ro
u
p
s 
an
d
 w
er
e 
te
st
ed
 w
it
h
 A
N
O
V
A
 a
n
d
 p
o
st
 
h
o
c 
T
u
k
ey
’s
 H
S
D
. 
B
a,
 C
u
, 
F
e,
 M
g
 M
n
, 
N
a,
 P
 a
n
d
 S
r 
d
id
 n
o
t 
h
av
e 
eq
u
al
 v
ar
ia
n
ce
 b
et
w
ee
n
 g
ro
u
p
s 
an
d
 w
er
e 
te
st
ed
 w
it
h
 
K
ru
sk
al
-W
al
li
s 
A
N
O
V
A
 a
n
d
 p
o
st
 h
o
c 
N
em
en
y
i’
s 
te
st
 w
it
h
 T
u
k
ey
’s
 d
is
ta
n
ce
 a
p
p
ro
x
im
at
io
n
. 
 
  48 
Figure 2-7. Mean (± se) natural log transformed otolith edge parameters by habitat type. 
Stars denote significance between habitat type based on Student’s (Li and Al) and 
Welch’s T-test (Ba, Cu, Fe, K, Mg, Mn, Na, P, Sr) *=P≤0.05, **=P≤0.01, ***=P≤0.001  
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Figure 2-9. Mean (±se) natural log transformed element ratios in otolith core and edge 
regions of Crown Age-1 carp. Stars denote significance between regions based on paired 
T-Test (*=P≤0.05, **=P≤0.01, ***=P≤0.001). 
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Figure 2-10. Mean (±se) natural log transformed element ratios in core and edge otolith 
regions of Turbid adult carp (14 and 15 years old). Stars denote significance between 
regions based on paired T-test (*=P≤0.05, **=P≤0.01, ***=P≤0.001).  
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Chapter 3: Microsatellite DNA markers distinguish spatially separated populations of 
common carp in interconnected lake systems of the North American Midwest
  53 
Synopsis:  
The common carp (Cyprinus carpio) is an invasive fish whose populations have grown to 
ecologically damaging levels in the North American Midwest and in many areas 
throughout the world. Recent research has shown that population growth of this species 
in the North American Midwest is driven by its propensity to use shallow basins as 
productive nursery habitats. The ability to discriminate which shallow basins are 
producing carp across a large sub-watershed of interconnected lakes has the potential to 
increase the efficacy of management practices which are aimed at the disruption of 
successful recruitment. This study assessed whether carp populations in the Six-Mile 
Creek sub-watershed (SMC) and across the Twin Cities metropolitan area (n=1023) 
could be distinguished based on differences in 12 microsatellite DNA markers an if any 
differences would be useful for quantifying nursery contribution at a sub-watershed scale. 
Genetic structure was detected at upper hierarchical levels and was related to connectivity 
of water bodies and geographic separation of carp populations across the Twin Cities 
region.  Differentiation within sub-watershed areas does not appear to be as useful for 
quantitative assessment of nursery contribution as previously suggested. The genetic 
structure does provide some evidence about the connectivity of carp populations within 
the SMC sub-watershed that can be used to inform management actions. 
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Introduction 
The common carp (Cyprinus carpio; hereafter ‘carp’), is a benthivorous cyprinid 
native to Eurasia [1]. Carp are long-lived [2], mature at early in life [3,4], and are 
extremely fecund [4,73]. It is highly invasive in the North American Midwest and many 
other regions around the world [5].  In its native range, it is highly prized and managed as 
a sport fish for recreational and consumption purposes [6].  However, extremely dense 
populations of carp are found in a variety of ecosystems in which it has invaded, ranging 
from vast river-floodplain complexes in Australia and New Zealand to interconnected 
lakes of the North American Midwest [3,7,8]. The benthivorous feeding of the carp 
increases suspended solids in the water column [13], reduces water transparency [14] and 
macrophyte coverage [15], and decreases habitat heterogeneity for native species [16].  
For these reasons, carp have been the subject of many research and management 
activities aimed at reducing their populations. 
Carp move into peripheral habitats in the spring for the purposes of reproduction 
both in their native [17] and invaded range [18–20]. These habitats serve as sources or 
nurseries to adult populations and need to be identified for management activities aimed 
at decreasing carp populations[2]. In the North American Midwest, the use of 
interconnected ponds and wetlands for breeding has been shown to drive recruitment (i.e. 
surviving to join adult population) patterns, as juvenile carp often thrive, and can then 
disperse to connected waters [18,21,22].  These nursery habitats have been identified in 
the past by exploring differential catch rates as a proxy for reproductive rates between 
habitats and monitoring movement through the use mark-recapture and active tracking 
studies [2,18,26]. The utility of these approaches for quantifying nursery habitat 
production and for tracking the dispersal of recruits to adult habitats may be limited by a 
variety of factors. Comparison of differential abundances between habitats based on catch 
per unit effort (CPUE) can be biased by fish behavior, gear avoidance, and sampling 
frequency [27].  Mark-recapture studies of juvenile fish can be limited by low 
probabilities of recapture due to small body size of individuals and high mortality rates at 
early life stages [28]. Mark-recapture methods may also bias estimates of movement rates 
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and the spatial extent of movement due to frequency and extent of the sampling scheme 
[29].  The use of active tracking methods such as radio telemetry can also be limited by 
fish body size limiting the study of fish dispersal at early life stages. 
The utilization of indirect methods such as genetic markers to infer source 
populations [2,33], has the potential to provide further insights into the contribution of 
discrete habitats to adult populations. Genetic assignment methods use genetic 
information to interpret population membership of individuals or groups [33].  Genetic 
assignment using microsatellite DNA markers has previously been used in identifying 
fish stocks and to investigate differences in variables such as recruitment, growth, or 
migratory behaviors between genetically distinct groups [67,68]. Recently, genetic 
methods have been applied to management of a wide range of invasive species by 
evaluating dispersal, spread, recolonization, and geographic relationships of invasive 
populations [69].  Genetic assessment of microsatellite markers in brown rat (Rattus 
norvegicus) populations has been used to improve management efforts aimed at 
eradication by identifying spatially distinct populations that need to be addressed 
simultaneously as single management units in order to prevent recolonization [70,71]. 
Additionally, genetic assessment of microsatellite markers in grand skink (Oligosoma 
grande) has been used to assign individuals to natal population sources with similar 
accuracy of mark recapture studies and much more efficiency in terms of cost and time 
[72]. It is of the utmost importance to understand these demographic characteristics to 
infer the geographic units in which management should be conducted. 
Microsatellite DNA analysis of carp in Australia’s Murray-Darlin Basin showed 
significant genetic population structure (i.e., genetically distinct groups) relating to sub-
drainage sampling areas and barriers to dispersal [93].  This understanding of the genetic 
population structure was used in conjunction with barrier locations and watershed 
boundaries to define management units for carp in this system [93]. However, Haynes et 
al. [93] acknowledged that these management units are rather large in geographic size, 
often relating to whole river catchments, and finer scale understanding of individual units 
is necessary for implementing control programs. More recently, Koch [2] demonstrated 
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that microsatellite DNA analysis could be used to provide insights on the relative 
contribution of nursery habitats to the larger meta-population of carp in a single model 
watershed in the North American Midwest. This analysis helped direct management at 
much finer geographic units than those proposed by Haynes et al. [93]. However, the 
differentiation of two genetic groups in this system studied by Koch [2] was attributed to 
the likely occurrence of multiple stocking or introduction histories. Consequently, further 
evaluation of this technique in additional watersheds in the North American Midwest are 
needed to understand its utility to carp management across the region and the world.   
The scale at which carp populations can be distinguished genetically is important 
because different populations may exhibit different levels of population connectivity 
and/or different stocking histories. Population connectivity has important implications to 
management as the first step in any sustainable carp control program is to delineate 
appropriate geographic management units. Genetic assessment provides the potential to 
aid in determining the spatial and temporal scales at which local carp population 
dynamics are operating. This study evaluated the genetic diversity of carp populations 
within and across multiple watersheds in the Twin Cities metropolitan area, Minnesota, 
USA with a focus on the carp population in the Six Mile Creek sub-watershed (SMC). 
The objective was to determine the scale at which genetic structure might be useful in 
discriminating subpopulations and its potential utility to aid in defining management 
units for invasive carp populations in the region. We hypothesized that genetic structure 
will be present both among and within watersheds and structure within the SMC will be 
useful for understanding population connectivity and identifying nursery locations.  
 
Methods:  
Study site 
This study examined carp in three watersheds in the Twin Cities metropolitan area 
(Minneapolis, St. Paul, and surrounding area, Minnesota, USA) (Figure 3-1). These three 
watersheds are hydraulically connected via the Mississippi and Minnesota river systems 
(Figure 3-1). However, today fish movement among watersheds is not possible due to 
natural and anthropogenic fish barriers.  These three systems of interconnected lakes, 
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ponds, and wetlands are representative of many freshwater systems located in the 
Midwestern United States and throughout the world. 
The SMC, the focal geography for this study, is located in Hennepin and Carver 
Counties, Minnesota, USA.  The SMC is in the southwest corner of the larger Minnehaha 
Creek Watershed District (MCWD) (Figure 3-1). Additional sampling sites in the Riley 
Purgatory Bluff Creek Watershed District (RPBCWD), and Ramsey-Washington Metro 
Watershed District (RWMWD) were also used to evaluate genetic diversity in SMC and 
across the local region.  
MCWD is the largest of the three watersheds in this study spanning 
approximately 47,000 hectares and encompassing over 129 lakes and thousands of 
wetlands.  This system eventually drains into the Mississippi River, but upstream fish 
passage from the river is prevented by an approximately 16 m high waterfall (Figure 3-1). 
Within this major watershed, the Six Mile Creek sub-watershed spans approximately 
7,000 hectares and encompasses a chain of 17 lakes and over a dozen ponds and wetlands 
(Figure 3-1). This system has its headwaters at Piersons Lake and eventually drains north 
via Six Mile Creek into Halsted’s Bay of Lake Minnetonka (Figure 3-1).  
RPBCWD spans approximate 12,500 hectares and contains 12 lakes and 
numerous wetlands. This system has three major creeks and sub-watershed drainages 
(Riley Creek (RC), Purgatory Creek (PC), and Bluff Creek (BC); Figure 3-1). This 
system eventually drains into the Minnesota River, but upstream fish passage from the 
river is prevented by fish barriers. The confluence of the Minnesota and Mississippi 
Rivers occurs approximately 30 km downstream of the RPBCWD outflow, in St. Paul, 
MN (Figure 3-1). 
RWMWD is in Ramsey and Washington Counties, Minnesota, USA (Figure 3-1). 
The RWMWD is a highly urban watershed that spans 16,800 hectares and contains 18 
lakes and numerous wetlands. The system has five major creeks, and seven sub-
watersheds. The system eventually drains to the Mississippi River, but upstream fish 
passage from the river is prevented by fish barriers.  
The carp populations in all three watersheds have been studied by the Sorensen 
Lab Group at the University of Minnesota. Throughout these studies, tissue samples were 
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collected (2011-2016) allowing for the current assessment of the genetic population 
structure of carp in the region. The abundance, seasonal distribution and movement 
patterns, and recruitment patterns of the carp population in the SMC were studied from 
July 2014-December 2016. The final report from this assessment project is available in 
Appendix 1. The carp assessment project in the SMC revealed that these lakes support an 
extremely high abundance of carp (Appendix 1-Table 2) with a total biomass 
approximately five times greater than a threshold value of 100 kg/ha, a threshold 
previously identified to cause severe ecological impacts in Midwestern lakes [10,74]. The 
study also identified areas in the sub-watershed where carp have reproduced successfully 
in recent years.  During the three-year study period, juvenile carp were captured in eight 
locations (Mud, Crown Pond, Big SOB, North Lundsten, South Lundsten, Shady pond, 
Carl Krey, Wassermann; Appendix 1-Table 5).  Big SOB lake is not believed to have 
historically served as a nursery area and presence of juvenile carp is likely an artifact of 
private fisheries management activities present in this lake in 2015 (Appendix 1-Section 
3.1.3). South and North Lundsten lakes, in the middle portion of the sub-watershed, is of 
primary concern because they can produce many juvenile carp and are well-connected to 
other lakes.  Several additional basins throughout the sub-watershed appear to have 
functioned as carp nurseries in the past (i.e. Marsh, Sunny, Turbid, and Mud lakes) but 
recruitment in these locations has been limited or unsuccessful in recent years (Appendix 
1-Section 3.1).  An evaluation of the contributions of these nursery habitats to the larger 
sub-watershed carp population would allow for management activities to be prioritized.  
 
Sample Collection: 
To evaluate the spatial separation of carp sub-populations at a regional, 
watershed, and sub-watershed scale, we assessed the genetic variation and genetic 
structure of common carp sampled from water bodies across three watersheds in the Twin 
Cities metropolitan area: Minnehaha Creek Watershed District (MCWD), Riley 
Purgatory Bluff Creek Watershed District (RPBCWD), and Ramsey-Washington Metro 
Watershed District (RWMWD). We collected tissue samples (fin clip) from common 
carp captured in all accessible water bodies within the Six-Mile Creek sub-watershed as 
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well as four other locations within MCWD (Table 3-1). All samples from MCWD came 
from three sub-watershed areas, SMC, Lake Minnetonka (LM), and Minnehaha Creek 
(MC) (Table 3-1, Figure 3-1). We also used tissue samples collected in other 
metropolitan area watersheds during previous studies in the Sorensen lab (Table 3-1). 
Carp collected from the RPBCWD came from two sub-watershed areas: Purgatory Creek 
(PC), and Riley Creek (RC) (Table 3-1, Figure 3-1). Carp collected from the RWMWD 
came from four sub-watershed areas: Kohlman Creek (KC), Gervais Creek (GC), Owasso 
(OW), and Mississippi River (MSR) (Table 3-1, Figure 3-1). Carp were sampled using 
standard fisheries techniques between February 2011 and October 2015 (Table 3-1). All 
tissue samples were referenced with capture location and sample date and stored in 95% 
ethanol prior to analysis.  
Microsatellite analysis  
Genetic variation at 12 microsatellite DNA loci (Table A3.1) previously shown by 
Koch [2] to be useful for distinguishing genetic structure of carp populations in the North 
American Midwest was assessed following the procedures outlined by Koch [2]. Briefly, 
DNA was extracted from each sample using 5% Chelex (Sigma Chemical Co. St. Louis, 
MO) and amplified via polymerase chain reaction (PCR) using Taq polymerase 
(Promega, Madison, WI) and loci-specific forward and reverse primers. Electrophoresis 
of PCR products was conducted on an ABI Prism 3130xl Genetic Analyzer (Applied 
Biosystems, Foster City, CA) at the University of Minnesota Genomics Center (UMGC) 
and allele scoring was conducted with GeneMapper software version 4.1 (Applied 
Biosystems).  
 Genotype data from all samples were analyzed to assess population genetic 
structure using the Bayesian clustering method in STRUCTURE software, version 2.3.4 
[94].  This method uses the Markhov chain Monte Carlo algorithm to estimate the 
number of genetically distinct clusters (K) within the dataset with no prior assumptions 
about cluster membership. The program assigns proportion of membership (i.e. ancestry) 
from the K clusters to each individual. Population level ancestry was estimated as the 
average of the individual assignments among all samples from a population. The 
algorithm was executed with a burn-in of 50,000 followed by a run length of 100,000 for 
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ten replications at each K value ranging from 1-15. Prior to STRUCTURE evaluation, 
estimates of observed and expected heterozygosities were examined across all markers in 
each sample to assess assumptions of the Bayesian clustering method. Conformance with 
Hardy–Weinberg equilibrium expectations and tests for linkage disequilibrium were 
performed in GENEPOP software version 3.4 [95]. Significance was evaluated at α = 
0.05 after adjusting for multiple tests within samples using sequential Bonferroni 
procedures [96].   
  STRUCTURE provides a likelihood estimate for each K evaluated. Plausible K 
values considering hierarchical structure were determined based on plateauing in 
likelihoods [–log P(X/K)] with increased K and based on the rate of change in likelihoods 
using the Evanno delta K method [97] implemented in STRUCTURE HARVESTER 
[98].  An evaluation of K associated with finer scale structure was conducted by 
examining how the percent ancestry assigned to each genetically distinct cluster 
corresponded to distinct sample sites at increased levels of K. This further assessment 
was done because selecting an optimal K can be subjective and per Gilbert et al. [99] is 
best inferred when biological, geographical, and historical information are considered.  
Following this further assessment, “pure” individuals with ancestry derived from 
populations of interest were identified. We used a proportion of individual ancestry > 
0.85 as a criterion to identify likely pure individuals while allowing for ancestry 
estimation error. The criterion was used in previous studies of carp in the region (see [2]). 
 
Results: 
Substantial genetic variation was found across the microsatellite loci examined in carp 
collected throughout the Twin Cities metropolitan area and met assumptions for 
STRUCTURE analysis for ancestry assignment (Appendix 3, Table A3.2). The Evanno et 
al. [97] delta K method showed strongest support for a K of 3 (Figure 3-2a).  The 
likelihoods were consistently flat or declining after K of 10 (Figure 3-2b) and additional 
biological support due to geographic location and physical connection of water bodies 
provided further support for a K of 10. The Evanno et al (2005) delta K method also 
showed moderate support for a K of 4 (Figure 3-2a) and the likelihoods began to plateau 
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when K reached 8. Consequently, genetic structure at these intermediate values of K were 
also evaluated.  Hereafter only STRUCTURE results at K= 3 and 10 are discussed in 
detail for brevity because K= 3 provided a clear evaluation at upper levels of hierarchical 
structure (i.e. lower levels of K) and K=10 evaluated finer regional patterns in contrast to 
lower cluster levels. Evaluation of intermediate cluster levels (K=4 & K=8) demonstrate 
how cluster membership changes with increases in K (Appendix 3; Figure A3.1). 
Upper levels of hierarchical structure were distinguished at K=3. At this cluster 
level, one cluster was comprised of only samples from the MCWD watershed, one cluster 
had most ancestry only in samples from the Gervais Creek sub-watershed of RWMWD, 
and ancestry from the third cluster was represented in at least one sampling site across all 
three major watershed units (MCWD, RPBCWD, RWMWD) above 88% ancestry 
(Figure 3-3a). The three clusters are hereafter named Six-Mile Creek (SMC), Gervais 
Creek (GC), and Riley Purgatory Bluff Creek/ Kohlman Creek (RPBCWD.KC) to reflect 
the locations most strongly associated with each cluster.  The GC and SMC clusters 
assign only a low (<15%) proportion of ancestry to any sampling sites outside their 
respective watershed areas (Figure 3-3a). The RPBCWD.KC cluster mainly represented 
carp from the RPBCWD and KC but carp from other sampling sites in RWMWD (Pig’s 
Eye and Gervais lakes) and in MCWD also had moderate to large proportions of ancestry 
assigned to this cluster. In MCWD, carp from Turbid Lake had a majority (94%) of their 
ancestry assigned to the RPBCWD.KC cluster (Figure 3-3a). Carp from Piersons and 
Wassermann lakes assigned at moderate levels (37%, and 25%, respectively) of ancestry 
to the RPBCWD.KC cluster and assignment to this cluster generally decreased moving 
downstream in the MCWD watershed (Figure 3-3a, Figure 3-1).  
Likelihoods generally plateaued after K=10 (Figure 3-3b) and additional genetic 
clusters emerged relating to the associated drainage areas of the sampling sites or to 
specific sampling sites (Figure 3-3b). The RPBCWD.KC cluster from K=3 became 
divided into five distinct clusters (Figure 3-3). Carp collected from RPBCWD separated 
into two clusters, one composed of samples from RC sub-watershed and one composed of 
samples from PC sub-watershed (Figure 3-3b). No other sampling sites assigned much 
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(>8%) ancestry derived from the PC cluster besides Pig’s Eye Lake at 28% (Figure 3-3b).  
Lake Lucy, in the RC sub-watershed, assigned to the RC cluster at 71% ancestry (Figure 
3-3b).  
Within the SMC, carp from Turbid Lake assigned strongly (95%) to their own 
unique cluster and the RC cluster was also represented at moderate levels of ancestry in 
several sampling sites. Carp from Piersons and Wassermann lakes in the SMC sub-
watershed assigned at moderate levels (40% and 19% respectively) to the RC cluster 
(Figure 3-3b). No other sampling sites assigned much (>9%) ancestry to the RC cluster 
(Figure 3-3b). The SMC cluster from K= 3 split into four separate clusters, one of which 
was only found in high proportion (62%) in Zumbra Lake (Figure 3-3).  The four new 
distinct clusters represented in the SMC formed the Zumbra, SMC_A, SMC_B, SMC_C 
clusters. The SMC_A, SMC_B, and SMC_C clusters were primarily represented at 
intermediate levels within the MCWD, except for Lake Zumbra (6%) and Turbid Lake 
(<1% SMC (A, B, C) ancestry) (Figure 3-3b). 
Carp collected in the sub-watersheds of RWMWD now assign strongly to three 
clusters. Carp from the KC sub-watershed assigned a majority (50-72%) of ancestry to 
the KC cluster. Carp from Owasso Lake also assigned majority (87%) ancestry to the 
Owasso sub-watershed cluster (Figure 3-3b). The GC clusters only assigned high levels 
of ancestry within its sub-watershed unit, at 71-89% (Figure 3-3b). Lake Kohlman (KC) 
also had a moderate (34%) level of GC ancestry (Figure 3-3b). Additionally, at K=10 
Pig’s Eye Lake sampling site was composed of mixed ancestry from all clusters between 
3-29% (Figure 3-3b). 
Further analysis of individual carp ancestry assignment indicated several 
individuals collected in SMC had high assignment (indicating likely pure ancestry) to 
clusters related to hypothesized nursery basins (Figure 3-4). All carp sampled in Turbid 
Lake assigned >85% ancestry to the Turbid cluster (Figure 3-4).  Eight of the 417 carp 
genotyped in SMC and Halsted’s Bay assigned at >85% ancestry to the Turbid cluster 
(Figure 3-4). Three of the Turbid ancestry carp were captured in S. Lundsten, two were 
captured in N. Lundsten, and one was captured in Auburn, Zumbra, and Halsted’s Bay 
(Figure 3-4).  Eight of the 13 carp genotyped from Lake Zumbra assign >85% ancestry to 
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the Zumbra cluster (Figure 3-4). Ten of the 417 carp genotyped in SMC and Halsted’s 
Bay assign >85% ancestry to the Zumbra cluster (Figure 3-4).  Of these ten carp two 
individuals were collected from Auburn, N. Lundsten, and S. Lundsten lakes while one 
individual was collected from Wassermann, Steiger, Parley, and Mud lakes. Lake Lucy 
assigned 17/45 carp >85% to the RC cluster (Figure 3-4). Additionally, Ten of the 417 
carp genotyped in SMC and Halsted’s Bay assigned >85% ancestry to the RC Cluster. Of 
these, seven were collected in Piersons Lake, two from Auburn lakes, and one from N. 
Lundsten Lake (Figure 3-4).  
 
Discussion: 
To the best of our knowledge, this research is the most comprehensive regional 
population genetics study of carp across North America.  Our results demonstrate that 
microsatellite DNA markers can be useful for differentiating carp populations at a 
regional level. Genetic structure can be detected at upper hierarchical levels (i.e. low 
values of K), and is related to connectivity of water bodies and geographic separation of 
carp populations. While genetic structure is present across the Twin Cities region, 
differentiation within sub-watershed areas does not appear to be useful for quantitative 
assessment of nursery contribution in SMC, as previously suggested for RWMWD [2]. 
This is likely due to larger amounts of interbreeding between carp sub-populations in the 
SMC in contrast to the RWMWD. The genetic structure does provide some evidence 
about the connectivity of carp populations within the SMC sub-watershed. Carp 
populations in Turbid, Zumbra, and Piersons lakes appear to be relatively more isolated 
in contrast to other populations. This understanding can be useful for the delineation of 
appropriate management units at which carp removal, recruitment suppression, and other 
management activities should be targeted.  
 The Evanno et al. [97] delta K method provides the strongest support for three 
genetic groups of carp in the Twin Cities metropolitan area (Figure 3-2a) and these 
groups are generally related to the spatial distribution of the regional carp population at a 
watershed scale (Figures 11 & 13). While these spatially separated population do assign 
at larger amount of ancestry to their respective clusters, shared ancestry between groups 
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does exist.  Of the three major watersheds sampled, one cluster (RPBCWD.KC) at K=3 is 
composed of carp from all three major watersheds sampled (Figure 3-3a). The Evanno et 
al. [97] method shows the strongest support for only three clusters (Figure 3-2a) but the 
authors acknowledge that their method typically identifies the upper most level of 
hierarchical structure.  The separation of clusters related to specific drainage areas in 
which carp populations reside supports the existence of higher levels of K based on 
biological relevance.  At K= 10, finer regional patterns emerge in contrast to lower 
cluster levels and relate to the separation of carp populations based on watershed areas. 
The genetic structure of the carp populations collected from the two separate sub-
watersheds, RC and PC, within the RPBCWD cannot be differentiated until K=10 
(Appendix 3, Figure A3.1). Carp cannot move between these sub-watershed areas 
because of physical barriers, suggesting that genetic variation between populations would 
be likely. The finding that you must increase cluster number drastically beyond those 
most supported by the Evanno et al. [97] method supports an evaluation of higher levels 
K, as acknowledged in their study. Evaluating higher levels of K is also supported by the 
conclusion of Gilbert et al. [99] that optimal cluster number is best inferred when 
biological, geographical, and historical context are considered.  
One notable result relating to biologically relevant genetic clusters is that the carp 
population of Turbid Lake in the SMC assigns differently than all other lakes within its 
watershed (MCWD) and sub-watershed (SMC) at both levels of K evaluated (Figure 3-3), 
which may be related to a population bottleneck. Bottlenecks, due to recent or past drastic 
reductions in population size, result in loss of genetic diversity and possibly rapid genetic 
divergence. Turbid Lake has low heterozygosity and low allelic diversity (Appendix 3, 
Table A3.2). Additionally, Turbid Lake does not possess any alleles unique to Turbid 
Lake, but rather has a smaller subset of the alleles present in the rest of the MCWD 
(Appendix 3, Table A3.2). Turbid Lake would likely have had unique alleles if it was 
founded by a population genetically distinct from the rest of the MCWD. The physical 
connection between Turbid Lake and the rest of the SMC/MCWD is an ephemeral 
stream. We suggest it is likely that a small number of carp either accessed Turbid Lake 
following a winter kill event or survived a partial winter kill event and spawned 
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successfully creating an isolated population with bottleneck characteristics.  
Our results also demonstrate that some differentiation based on connectivity and 
proximity to nursery habitats may exist but is likely complicated by inter-breeding of 
carp populations at a sub-watershed level. Likelihoods generally plateaued after K of 10 
(Figure 3-2b), suggesting 10 clusters may be plausible.  At K=10, some relationships 
emerge that we suggest are related to connectivity and proximity to nursery habitats 
(Figure 3-3b). Carp from the RWMWD can now be differentiated to KC, GC, and 
Owasso, the three distinct sub-watershed areas sampled (Figure 3-3b). This separation of 
the KC and GC clusters was shown by Koch [2] to be maintained by separation of 
recruitment sources, which then differentially supplied carp to the downstream 
populations. This study concluded that the separation of genetically distinct clusters in 
this system likely originated as a result of multiple introductions [2].Carp ancestry from 
the MCWD, and more specifically the SMC, assigned across six clusters at K=10, with 
large amounts of mixed ancestry except for Turbid and Zumbra lakes (Figure 3-3b). 
Some carp in Piersons and Wassermann lakes maintained strong assignment to the RC 
cluster (Figure 3-4). The mixed ancestry of the carp from MCWD and the relatively 
larger percent assignment to geographically relevant sampling locations in the RPBCWD 
and RWMWD suggest that there is a larger amount of intermixing occurring in the 
MCWD in contrast to other watersheds. Despite this intermixing, Turbid and Zumbra 
lakes show distinct genetic signatures and Piersons and Wasserman lakes retain a higher 
percent assignment to the RC sub-watershed than other sites within their respective 
watershed (MCWD) (Figure 3-3b). 
 We speculate that these distinct signatures are due to the relative proximity of 
localized putative nursery sites and Turbid Lake itself acting as a sporadic nursery 
habitat. Marsh Lake is located adjacent to and directly connect by stream to Piersons and 
Wassermann Lakes (Figure 3-1b). Sunny Lake is immediately adjacent to Zumbra Lake 
(Figure 3-1b). Both locations have likely functioned as a nursery in the past although they 
did not produce young during the study period. (Appendix 1-Section 2.3.1). While Turbid 
Lake is primarily isolated, pure Turbid cluster individuals, at K=10, are present 
downstream. This demonstrates that carp likely born in Turbid Lake can emigrate from 
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this sporadic nursery habitat. A relatively large number (~16%) of individual carp in 
Piersons Lake maintain pure assignment to the RC cluster, suggesting a separate 
introduction of carp from either the RC population or from a genetically similar source 
population between RC and Piersons Lake. These individuals could either be introduced 
carp or descendants from introduced carp that maintained this genetic structure due to 
relative reproductive isolation of carp in this area (i.e. Marsh Lake is a primary nursery 
for RC carp due to proximity, Figure 3-1). However, the presence of individuals within 
Piersons and Wassermann lakes that have ancestry from other clusters demonstrates that 
there is not complete reproductive isolation in this area. 
These results suggest that the application by Koch [2] of microsatellite DNA markers 
to explore the recruitment dynamics of common carp in interconnected lake systems may 
not always be conclusive because clear relationships between genetic clusters and nursery 
areas were not present in SMC due to interbreeding. While we can speculate that the 
persistence of the Turbid, Zumbra, and RC clusters in SMC is due to connectivity of 
nursery habitats, the evaluation of microsatellite DNA markers cannot definitively 
support this conclusion.  Lack of access to known historic source populations and 
unknown stocking history prevent us from quantifying the resolving power of 
microsatellites DNA markers and thus the statistical certainty of genetic assignments.  
The prevalence of individuals with mixed ancestry at K=10 suggests either substantial 
inter-mating between clusters or inadequate resolving power of the microsatellite DNA 
markers at lower levels of genetic differentiation. To quantify nursery contribution at a 
watershed scale there needs to be substantially more resolving power due to high levels 
of physical isolation, separate introductions of distinct genetic populations, or some other 
underlying mechanism that drives reproductive isolation and consequently genetic 
differentiation at a watershed scale. Overall, our results support the use of microsatellite 
DNA markers for evaluating the regional diversity of invasive fish populations such as 
the common carp.  
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Watershed Sub-watershed Site Sample Size Sample year(s)
Minnehaha Creek 
Watershed
Six-Mile Creek
Piersons 19 2014
Wassermann 45 2014
Carl Kray 2 2014
Auburn 107 2014
Steiger 25 2014
Zumbra 13 2014
Stone 2 2014
North Lundsten 30 2014
South Lundsten 31 2014
Trubid 24 2014
Parley 15 2014
SOB 24 2014
Crown 4 2014
Mud 15 2014
Lake 
Minnetoka
Halsted's Bay 61 2014
Jenning's Bay 23 2015
Tanager's Bay 23 2015
Minnehaha 
Creek Nokomis 28 2015
Riley Purgatory 
Bluff Creek 
Watershed
Riley Creek
Lucy 16 2011
Purgatory 
Creek Staring 17 2011
Lotus 18 2012
Ramsey-
Washington Metro 
Watershed
Lake Owasso
Owasso 29 2013
Kohlman Creek Casey 47 2011
Kohlman 139 2012
Gervais Creek
Gervais 190 2011, 2012
Phalen 30 2012, 2013
Mississippi 
River Pig's Eye 46 2013
Tables and Figures:  
Table 3-1. Watershed, sub-watershed, sample size, and year of common carp tissue 
samples collected across the Twin Cities metropolitan area for genetic analysis (n=1023).  
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Figure 3-2. Methods to estimate the number of genetically distinct clusters (K) A) 
Evanno et al. (2005) Delta K method implemented in STRUCTURE HARVESTER (Earl 
and VonHoldt 2012). B) The -Log of likelihood with different numbers of genetically 
distinct groups (K). 
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Figure 3-3. Mean percent ancestry assigned to each cluster by sampling sites at different 
cluster levels (K), A. K =3, B. K =10. Colors are independent in A and B. Gervais creek 
sub-watershed (GC), Riley Puragtory Bluff Creek watershed (RPBCWD) and Kohman 
Creek subsatershed (KC) Six Mile Creek Sub-watershed (SMC A-C), Trubid Lake 
(Turbid), Lake Owasso sub-watershed (Owasso), Zumbra Lake (Zumbra), Purgatory 
Creek sub-watershed (Lotus and Staring), Riley Creek sub-watershed (Riley).  Sample 
sites are organized left to right corresponding to west to east orientation of watershed 
units, and upstream to downstream sites within watershed units (See Figure 3-1). Crown, 
Carl Krey, and Stone Lake samples were removed for clarity and due to low sample size. 
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Appendix 1: 
This appendix includes the final report of the Six-mile Creek Carp Assessment 
created by Justine Dauphinais, Dr. Peter Sorensen, and I. This report was modified from 
the version submitted to Minnehaha Creek Watershed District (MCWD) to reference 
sections of this thesis. This assessment was conducted from July 2014 through March 
2017 with the aim to: (1) estimate adult carp abundance in Six Mile Creek sub-watershed, 
(2) determine the movement patterns and seasonal distributions of adult carp throughout 
the sub-watershed, (3) determine the recruitment patterns of carp throughout the sub-
watershed via annual netting surveys and age determination, and (4) to report and 
interpret all findings and provide recommendations for future carp management 
strategies. 
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 Project Overview 
  
This report presents the results of the Six Mile Creek Common Carp Assessment 
which was funded by the Minnehaha Creek Watershed District (MCWD) and conducted 
by the University of Minnesota (UMN) from July 2014 through March 2017. The stated 
purpose of this study was to “determine the abundance, seasonal movements, and 
recruitment patterns of common carp (Cyprinus carpio) in the Six Mile Creek Sub-
watershed to enable development of carp control strategies for restoration of the Six Mile 
Creek sub-watershed”. The UMN was contracted to (1) estimate adult carp abundance in 
at least 7 of the Six Mile Creek lakes, (2) determine the movement patterns and seasonal 
distributions of at least 100 adult carp throughout the sub-watershed, (3) determine the 
recruitment patterns of carp throughout the sub-watershed via annual netting surveys and 
age determination of at least 200 carp, and (4) to report and interpret all findings and 
provide recommendations for future carp management strategies. 
The UMN has completed all tasks as outlined in the Project Scope of Work. 
Specifically, the UMN has estimated adult carp abundance and biomass in 15 lakes, 
implanted radio-tags in 120 carp across the sub-watershed, located radio-tagged carp at 
least once per month for 2 full years, conducted annual trap-net surveys in 23 water 
bodies, and determined the age structure of carp across the sub-watershed based on 378 
individuals from 11 lakes. Additionally, the UMN calculated a supplemental mark-
recapture population estimate for Parley and Mud Lakes. All findings obtained by 
December 2016 are presented herein and discussed in the framework of possible carp 
management strategies specific to the Six Mile Creek sub-watershed. Genetic and 
microchemical analyses of carp in the Six Mile Creek sub-watershed are available in 
Chapters 1 & 2 of this M.S. Thesis.  
  85 
Executive Summary 
  
The common carp (Cyprinus carpio; hereafter ‘carp’), a benthivorous fish native 
to Eurasia, is highly invasive in the North American Midwest and many other regions 
around the world. Invasive populations of carp are often associated with declines in the 
abundance and diversity of submersed aquatic vegetation as well as invertebrates and can 
trigger sustained increases in water turbidity, algal growth, and nutrient loading. For 
these reasons, carp have been the subject of many research and management activities in 
watersheds throughout the Midwest. In the Six Mile Creek, sub-watershed, a diagnostic 
study identified carp as one of the major drivers of its poor water quality and 
recommended carp assessment and control (Wenck 2013). In 2014, the MCWD partnered 
with the UMN to initiate a three-year study to obtain a better understanding of carp in the 
Six Mile Creek sub-watershed to inform sustainable control strategies. This study sought 
to determine patterns in carp abundance, movement, and recruitment across the entire 
sub-watershed.  
Three field seasons of data collection are now complete and reveal that the total 
biomass of carp in the Six Mile Creek sub-watershed is approximately five times greater 
than a threshold value previously identified to cause severe ecological impacts in 
Midwestern lakes. The study also identified areas in the sub-watershed where carp have 
reproduced successfully in recent years, indicating that the carp population is presently 
growing. South Lundsten Lake in the middle portion of the sub-watershed is of primary 
concern because it can produce many young carp and is well-connected to other lakes.  
South Lundsten Lake appears to be the primary source of carp for North Lundsten, West 
Auburn, and East Auburn Lakes and also contributes low numbers of carp downstream to 
Parley Lake and as far upstream as Wassermann Lake. Several additional basins 
throughout the sub-watershed appear to have functioned as carp nurseries in the past (i.e. 
Marsh, Sunny, Turbid, and Mud Lakes), but successful recruitment in these locations has 
been limited to only five years since the 1960’s and has not occurred in the past 15 years. 
Movement patterns and age structures of adult carp across the sub-watershed 
suggest there are multiple sub-populations of carp that could function as 4 management 
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units: 1) Piersons-Marsh-Wassermann, 2) Auburn-Lundsten-Turbid, 3) Parley-Mud-
Halsted’s, and 4) Carver Park Reserve Lakes (i.e. Steiger, Zumbra, Sunny, & Stone). 
Each of the lakes in the eastern Carver Park Reserve contains its own isolated 
subpopulation of carp, but these lakes could be grouped together as a single management 
unit given their similar ecological conditions, carp management goals, and common 
jurisdiction within the Three Rivers Park District.  
Control of carp in the Six Mile Creek sub-watershed may be possible, but will 
require a strategic, adaptive management framework that is implemented over several 
years. A possible first step would be to suppress ongoing carp recruitment in South 
Lundsten Lake and to put measures in place to prevent future recruitment in the locations 
identified as past carp nurseries. Once this is accomplished, management activities might 
then focus on reducing the existing carp biomass below 100 kg/ha in each management 
unit. Specific goals and possible management strategies vary by management unit and are 
detailed in the management section of this report. As management activities are 
implemented, ongoing monitoring is recommended to evaluate carp recruitment failure 
and adult biomass decline. 
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Figure 1. An overview map of the Six Mile Creek sub-watershed with possible carp 
management units outlined: 1) Piersons-Marsh-Wassermann, 2) Auburn-Lundsten-
Turbid, 3) Parley-Mud-Halsted’s, and 4) Carver Park Reserve Lakes.  
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1.0 Background  
1.1 Site overview 
Located in the southwest corner of the Minnehaha Creek Watershed District 
(MCWD), the Six Mile Creek sub-watershed spans roughly 27 square miles and 
encompasses a chain of 17 lakes (Piersons, Marsh, Wassermann, Carl Krey, Kelzer’s, 
Church, East Auburn, West Auburn, Steiger, Sunny, Zumbra, Stone, North Lundsten, 
South Lundsten, Turbid, Parley, and Mud) and over a dozen ponds and wetlands (Figure 
1). This system has its headwaters at Piersons Lake in Laketown Township and 
eventually drains north via Six Mile Creek into Halsted’s Bay of Lake Minnetonka in 
Minnetrista, MN. Land use in the sub-watershed is predominately agricultural and 
parkland, but is becoming increasingly developed. 
Water quality in the Six Mile Creek sub-watershed varies by lake, but many lakes 
are highly degraded and devoid of healthy native submersed plant communities. In the 
absence of submersed plants, poor water clarity and nuisance algal blooms are common. 
Additionally, several lakes currently fail to meet state nutrient standards and are 
classified as impaired for excess nutrients (phosphorus). Because common carp activity 
was observed throughout much of this system and internal loading was identified as a 
significant driver of in-lake phosphorus concentrations, further assessment and 
management of carp was recommended by Wenck Associates (2013).  
1.2 The common carp 
The introduction of common carp to Minnesota waters in the 1880s was one of 
the greatest ecological tragedies to befall our freshwater ecosystems. Being long-lived, 
mobile, extremely fecund, and tolerant of environmental extremes, the common carp has 
come to dominate the fish biomass in many lakes in the Upper Midwest (Sorensen & 
Bajer 2011). Common carp disrupt freshwater ecosystems by uprooting submersed 
vegetation, altering food webs, and often negatively impacting water quality by 
increasing turbidity and sometimes nutrient loading (Parkos et al. 2003; Bajer et al. 2009; 
Weber & Brown 2009; Vilizzi et al. 2015; Bajer et al. 2016). The effects of carp are most 
pronounced in shallow lakes that do not stratify. In deeper, thermally-stratifying lakes, 
large decreases in water clarity and reductions in submersed aquatic plant growth in 
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littoral zones have also been observed, but the impacts of carp on nutrient cycling are less 
straightforward (Bajer & Sorensen 2015). In both shallow and dimictic Midwestern lakes, 
when adult carp biomass approaches approximately 100 kg/ha, 50% reductions in 
submersed aquatic vegetation coverage, significant decreases in water clarify, and 
declines in waterfowl use have been observed (Bajer et al. 2009; Bajer and Sorensen 
2015). In a recent review of 73 studies across a variety of freshwater systems worldwide, 
extreme impacts by carp were observed, on average, at a critical biomass of 198 kg/ha 
(Vilizzi et al. 2015). Similarly, Bajer et al. 2016 suggest that a carp biomass of about 200 
kg/ha causes a 90% reduction in plants in Midwest lakes.  This report uses 100 kg/ha as a 
target value for carp management goals given the high value of these lakes.  
Efforts aimed at improving water quality and restoring fish and wildlife habitat 
are typically futile in carp–infested lakes until densities of carp can be sustainably 
reduced to levels approaching 100 kg/ha (Bajer et al. 2009, Bajer and Sorensen 2015, 
unpublished data). Unfortunately, reducing carp biomass in a sustainable manner has 
proven very difficult due to the complex life history strategies employed by carp. For 
example, adult carp have a tendency to exploit outlying predator-free ponds and wetlands 
for breeding, where young carp often thrive and can then disperse to connected waters. 
This influx of young carp counteracts adult carp removal efforts (Bajer & Sorensen 2010; 
Sorensen & Bajer 2011; Osborne 2012; Koch 2014). Additionally, carp are very long-
lived (up to 64 years; Koch 2014) and have low natural annual mortality rates estimated 
between 4 and 26% (Brown et al. 2005; Donkers et al. 2011; Bajer et al. 2015). Due to 
the longevity of carp, it is usually necessary to reduce existing carp biomass through 
removal of adults in addition to preventing new recruitment (production of young carp) in 
order to meet management goals.   
1.3 Generalized common carp research & management approach 
Despite the complex life history of carp, research conducted by the Sorensen 
Laboratory at the UMN over the past decade has revealed a possible way forward to 
sustainably control carp in many watersheds without relying on fish poisons such as 
rotenone. This management approach has three components; (1) understanding carp 
movement patterns to identify sub-populations and delineate appropriate management 
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units, (2) identifying carp nurseries and suppressing recruitment, and (3) quantifying 
adult carp abundance and reducing existing biomass below a target of 100 kg/ha.  
First, appropriate management units must be defined. Characterizing carp 
movement patterns along with age structures and/or genetic structures can elucidate sub-
populations of carp (i.e. groups that function as a unit across space and time) and inform 
the delineation of appropriate management units. Presently, carp behavior is too poorly 
understood to predict when and where they will move across any particular watershed.  
Further, these fish can migrate large distances and often appear to home to specific 
spawning areas that may be unknown (Koch 2014).  Consequently, in developing a 
management scheme, it is necessary to collect detailed site-specific demographic data to 
develop sustainable control strategies at appropriate spatial scales. 
Next, the source(s) of juvenile carp (i.e. recruitment) in each management unit 
should be identified and subsequently remediated, isolated, or eliminated (Bajer & 
Sorensen 2010; Bajer et al. 2012; Koch 2014). Remediation may be possible if carp 
nurseries can be restored to support healthy native fish communities comprised of species 
that consume carp eggs and young (e.g. bluegill sunfish; Silbernagel & Sorensen 2013).  
Alternatively, nurseries may be isolated from connected lakes using barriers so that adult 
carp cannot reach them to breed and/or to prevent young carp from dispersing. If 
isolation is not feasible, control strategies such as water drawdowns or poisonings at 
regular intervals can be used to eliminate the young carp before significant numbers 
disperse.  
 Lastly, existing adult carp should be removed in large enough numbers to 
improve to ecosystem function. A target biomass of less than 100 kg of carp per hectare 
is appropriate for shallow Midwestern systems (Bajer et al. 2009) and can also be applied 
to deeper, dimictic lakes as a conservative threshold (Vilizzi et al. 2015; Bajer et al. 
2016). Removal of carp is often possible through the use of multiple tools such as 
commercial seining, trapping spawning migrants, baited traps, water drawdowns, or 
piscicides. Seining can sometimes be an efficient means of removal because adult carp 
often aggregate during winter months where they may be targeted by commercial 
fishermen if the bottom is free of obstacles and the substrate is amenable to netting. The 
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use of radio-tagged ‘Judas’ fish can increase the success rate of such seining efforts 
(Bajer et al. 2011). Seining may not always be feasible because carp can quickly learn to 
avoid nets, bottom topography can be uneven, or carp may not form wintertime 
aggregations.  Adult carp may also form springtime spawning aggregations which can be 
targeted, trapped, and removed. If natural aggregations cannot be exploited, aggregation 
behavior can be induced by training carp to feed in a particular area using baited traps 
(Bajer et al. 2010). If these strategies are not feasible, whole-lake drawdowns or 
poisonings can also be used to reduce carp biomass although these methods are not 
species-specific and therefore require careful evaluation of non-target impacts. 
2.0 Research Findings in the Six Mile Creek Sub-watershed 
2.1 Deliverable 1: Estimates of adult common carp abundance in all accessible lakes 
Methods 
Adult common carp abundance was estimated by conducting standardized boat 
electrofishing surveys in each accessible lake (i.e. Piersons, Wassermann, Turbid, 
Kelzer’s, Steiger, Zumbra, Sunny, Stone, East Auburn, West Auburn, North Lundsten, 
South Lundsten, Parley, Mud, and Halsted’s Bay; see Table 1) to calculate mean catch 
per unit effort values (CPUE; number of carp sampled per hour) and extrapolate to 
population size using known relationships. Briefly, surveys consisted of sampling the 
entire littoral area of each lake using a boat electrofisher with pulsed DC current. 
Estimates of carp density were then calculated from measured CPUE values using 
published mathematical relationships of electrofishing efficiency from similar locations 
(Bajer & Sorensen 2012). In lakes in which multiple surveys were conducted, 95% 
confidence intervals were generated as a measure of precision. Carp biomass (kg/ha) was 
estimated by multiplying abundance by the average weight of carp in each lake and then 
dividing by lake surface area.  
During the course of our electrofishing surveys, all carp sampled were also 
marked with external plastic T-bar anchor tags (Hallprint co., Australia) before being 
released. These fish were tagged to allow for possible supplemental mark-recapture 
population estimates in the event that enough tagged fish (few percent of the population) 
were recaptured.   
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Results 
At least four electrofishing surveys were conducted in each of the 15 accessible 
lakes between June 2014 and October 2016, with most lakes having between 8 and 10 
surveys completed (Table 2). Because catch rates were comparable between years and no 
young fish recruited to the adult populations during the study period, we combined all 
years to maximize sample size and thus increase the precision of abundance and biomass 
estimates. Carp throughout the system grew substantially during the 3 year study period 
(roughly 13% by weight), so although abundance estimates did not change much between 
2014 and 2016, biomass estimates increased in each lake (see Table 2, top panel versus 
bottom panel). We used the average weight of carp sampled in 2016 in our final table 
(Table 2, bottom panel) to best reflect the present biomass of carp in the system. 
Carp biomass in individual study lakes ranged widely from 26 to 1,264 kg/ha, 
with an average biomass of 491 kg/ha across the entire sub-watershed (Table 2). Twelve 
of the 15 accessible lakes had biomass levels above 100 kg/ha; a threshold known to be 
ecologically damaging in shallow Midwestern lakes (Bajer et al. 2009). Carp biomass 
was very high in Wassermann, Turbid, W. Auburn, E. Auburn, Parley, Mud, and 
Halsted’s Bay ranging from 253 to 1,264 kg/ha. Notably, Halsted’s Bay was estimated to 
contain 64,441 (57,769-71,113) individuals with a biomass of 1,264 (1,133-1,394) kg/ha 
based on nine whole-lake surveys. This exceeds the damaging threshold twelvefold and is 
the highest carp biomass ever observed by the Sorensen Lab. Carp biomass was moderate 
(156-204 kg/ha) in N. Lundsten, S. Lundsten, Steiger, Sunny, and Zumbra. Carp biomass 
was low (≤99 kg/ha) in Piersons, Stone, and Kelzer’s. No electrofishing surveys were 
conducted in Marsh or Carl Krey Lakes due to inaccessibility. 
During the course of all electrofishing surveys conducted from 2014 to 2016, 
1,763 common carp were tagged with T-bar tags and released. As of December 2016, 87 
of these tagged fish have been recaptured. Of the recaptured carp, 37 were sampled 
relatively evenly throughout the sub-watershed and thus represent low recapture rates that 
do not allow for the statistical computation of supplemental mark-recapture estimates. 
However, the remaining 50 were recaptured during the commercial seine haul that took 
place in Parley Lake on March 10th, 2015. This recapture rate allowed us to calculate 
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population estimates for Parley and Mud lakes combined (the lakes could not be 
separated because all carp from both lakes formed a single large wintertime aggregation 
in Parley Lake). In total, 6,206 carp were captured in the seine haul, of which 5,564 were 
individually checked for tags and 50 tagged fish were observed. Given that there were 
211 carp tagged in Parley and Mud Lakes before the seining occurred, this recapture rate 
results in an estimated population size of 23,591 carp based on the Lincoln-Peterson 
method (i.e. N=Kn/k where N = number of individuals in the population, K = number of 
marked animals in the population, n = number of animals captured, and k = number of 
recaptured individuals). This mark-recapture population estimate for Parley and Mud 
Lakes combined is comparable to the sum of estimates generated from electrofishing 
surveys in both lakes (i.e. 19,006-23,625) despite violating assumptions of a closed 
population.  
2.2 Deliverable 2: Seasonal distribution and movement patterns of adult carp 
Methods 
The seasonal distributions and movement patterns of adult carp across the Six 
Mile Creek sub-watershed were determined by implanting carp with radio-tags and 
manually bi-angulating their locations at least once per month. In October of 2014, 102 
radio-tags were implanted in carp throughout the sub-watershed (5-15 tags per lake; see 
Table 1). In the spring of 2015, 18 more radio-tags were implanted in 3 additional lakes 
for a total of 120 radio-tagged carp. Each tagged carp was given a unique fish 
identification number ranging from 1 to 120.  
In addition to tracking the radio-tagged carp, movement patterns were also 
elucidated by recapturing carp previously tagged with individually numbered T-bar tags 
during routine electrofishing surveys. As discussed above, 1,763 carp had been sampled, 
tagged with T-bar tags, and released since the onset of the study in June 2014.  
Results 
Radio-tagged carp were located throughout the sub-watershed at least once per 
month for two full years from November 2014 through October 2016 (See Figures 2-29).  
During April, May, and June, the carp were located twice per month to increase the 
resolution of data during the pre-spawning and spawning periods. From November 2014 
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through April 2015, 99% of the tagged fish were located successfully each month. 
Beginning in late May 2015 and continuing through October 2016, an average of 13 
tagged carp were missing each month, primarily from Parley, Mud, and Halsted’s Bay. 
The several missing carp from Parley, Mud, and Halsted’s Bay were presumed to be 
somewhere in greater Lake Minnetonka, but due to time constraints, it was not feasible to 
search all of Lake Minnetonka. Large portions of Lake Minnetonka were searched on 
occasion and radio-tagged carp have been located in Priest’s Bay, Cook’s Bay, West 
Upper, West Arm, and as far east as Jenning’s Bay near the inlet of Painter Creek (see 
Figure 18).  
The first mortality of a radio-tagged carp occurred in May 2015 in Mud Lake. 
Since then, 32 additional radio-tagged adult carp have died or lost their transmitters for a 
total mortality rate of 27.5% over two years which is comparable to published annual 
natural mortality rates in systems with high carp densities (Brown et al. 2005; Bajer et al. 
2015). Mortalities were distributed relatively evenly across the sub-watershed (i.e. 2 in 
Halsted’s, 4 in Mud, 5 in Parley, 5 in Wassermann, 3 in Lundsten, 2 in Steiger, 1 in 
Zumbra, 3 in East Auburn, 3 in West Auburn, 2 in Turbid, and 3 in Piersons) and thus did 
not diminish the scope or resolution of the movement study.  
As for movement of carp between lakes, approximately half of the radio-tagged 
carp (59 of 120; 49%) were located in a lake other than where they were originally tagged 
at least once during the two-year movement study. A summary of movement corridors, 
rates, and timing can be found in Table 3 and is summarized on a map in Figure 30. Most 
carp traveled between just a few lakes and usually returned to their lake of origin. Most 
movements occurred from deeper lakes to shallow habitats during the spawning season 
(e.g. from Auburn to South Lundsten and from Parley and Halsted’s to Mud) or from 
shallow lakes to deeper lakes in late fall before ice cover (e.g. from Mud to Parley; Table 
3).  
The highest average annual movement rates occurred between Parley and Mud 
Lakes in both directions (81%), between Mud and Halsted’s Bay in both directions 
(47%), and between East and West Auburn Lakes in both directions (73%). Most of these 
movements occurred from Mud Lake to Parley Lake in late fall each year (see Figures 2-
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3 & 17-19) or between Parley, Mud, and Halsted’s Bay in all directions between late May 
and August in 2015 (see Figures 10-14) and between late May and October in 2016 (see 
Figures 24-29). Additionally, 13 of the 45 carp originally tagged in Parley, Mud, or 
Halsted’s Bay have been located in other bays of Lake Minnetonka year-round despite 
low sampling effort in greater Lake Minnetonka. This high rate of movement to and from 
the rest of Lake Minnetonka (22%, annually) likely explains our inability to locate some 
of the tagged carp each month. Several radio-tagged carp have also moved from 
Wassermann Lake, Auburn Lakes, and North Lundsten Lake into South Lundsten Lake 
(5%, 43%, & 46%, annually) in May and June of both years and then returned to their 
respective lakes of origin by late summer (see Figures 11 & 23-25). No movement of 
radio-tagged carp in or out of Turbid, Zumbra, Sunny, Steiger, or Piersons Lakes was 
observed during the 2 year study period.  
In addition to radio-tagged carp moving between lakes, there have also been 
seasonal patterns in the spatial distribution of carp within lakes. Specifically, wintertime 
aggregations of carp (identified by at least 50% of radio-tagged carp being found within a 
10 hectare area) formed in both 2014-15 and 2015-16 in all but one of the study lakes 
(i.e. Steiger Lake).  The timing of aggregation formation and location varied, but in 
general, aggregations formed by December and persisted through February (Table 4). 
These aggregations contained as many as 100% of radio-tagged carp in some lakes (i.e. 
Parley-Mud, N. Lundsten, S. Lundsten, Turbid, W. Auburn, E. Auburn, Sunny, Zumbra, 
and Wassermann), whereas in other lakes (i.e. Halsted’s Bay, Piersons), multiple 
aggregations comprised of roughly 40-60% of tagged fish each were observed. 
Interestingly, winter aggregations in some lakes formed in same location between years 
(i.e. Parley, West Auburn, East Auburn, Zumbra, and Piersons) whereas they formed in 
different places in Wassermann Lake and Halsted’s Bay (See Figures 5 and 20).  
Recaptures of T-bar tagged carp and visual observations of spawning migrations 
confirmed the patterns observed during the radio-tag study (i.e. movement between 
Parley, Mud, and Halsted’s Bay and movement between Auburn Lakes and Lundsten 
Lakes) and contributed some additional information on carp movement patterns. 
Specifically, recaptures of T-bar tagged carp revealed that it is possible for carp to move 
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through the Parley Lake dam in a downstream direction as evidenced by one carp that 
was originally tagged in West Auburn Lake in June 2014 that was recaptured in the 
commercial seine haul in Parley Lake in March 2015. To date, there has been no 
evidence that the Parley Lake dam is passable by fish in an upstream direction. Mass 
spawning migrations of carp were also observed prior to deploying radio-tags throughout 
the system during the spring flooding of 2014. Large numbers of migrating carp were 
observed downstream of culverts in Turbid Creek at Laketown Road, in Six Mile Creek 
at the Parley Dam, and in Six Mile Creek at Marsh Lake Road upstream of Wassermann 
Lake. These observations were consistent with past anecdotal reports of carp spawning 
migrations (Wenck 2013). 
2.3 Deliverable 3: Identification of sources of juvenile carp across the watershed 
Carp recruitment during the study period was characterized by sampling for 
juvenile carp using trap-nets (section 2.3.1) while historic patterns of recruitment were 
examined by ageing adult carp to determine when they hatched (section 2.3.2). 
Complimentary work using genetic and biochemical markers to further investigate past 
nursery contributions are now available  (Chapter 2 & 3). 
2.3.1 Distribution and relative abundance of juvenile common carp in 2014-2016 
Methods 
To assess the distribution and relative abundance of young-of-the-year carp 
(YOY; spawned that year) and bluegill sunfish (Lepomis macrochirus; a predator of carp 
eggs and larvae; Bajer at al. 2011; Silbernagel & Sorensen 2013), we conducted 
standardized trap-net surveys across the sub-watershed. Trap-nets are a common type of 
sampling gear used to survey small fishes in the littoral zone of lakes (e.g. YOY fishes 
and panfish). Trap-nets consist of a long wall of net (30 ft x 3 ft) that is staked close to 
shore and directs fish to an underwater frame with a series of hoops and funnels that trap 
fish in a holding cage at the rear of the net. Five nets were set equidistantly around the 
perimeter of each accessible lake and pond and were left in place overnight for 
approximately 24 hours. Trap-net surveys were conducted in August and September, 
when YOY fishes were large enough to sample, but before lake temperatures dropped.  
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Trap-nets reliably sample YOY carp (<150 mm in total length) and one-year-old carp, but 
rarely sample older juveniles or adults (Osborne 2012).   
Results 
Trap-net surveys targeting juvenile common carp were completed in fall 2014, 
2015, and 2016 in each of the 15 accessible study lakes along with numerous additional 
connected ponds (Table 1). Of the 21 sites sampled in 2014, YOY carp were only 
captured in three locations: Mud Lake (0.2 per net), Crown College Pond (1.0 per net), 
and Big SOB Lake (19.8 per net). Additionally, one-year-old carp were sampled in 2 
locations: Shady Pond (0.67 per net) and Carl Krey Lake (2.0 in a gillnet; Table 5). In 
2015, YOY carp were sampled in 4 out of 22 locations: Crown College Pond (332.3 per 
net), North Lundsten (3.2 per net), South Lundsten (311.2 per net), and Wassermann 
Lake (0.2 per net).  Additionally, one-year-old carp were sampled in 2 locations: Big 
SOB Lake (1.8 per net) and Wassermann Pond West (0.3 per net). In 2016, no YOY carp 
were sampled throughout the entire sub-watershed, but one-year-old carp were sampled 
in South Lundsten (0.4 per net) and Crown College Pond (2.3 per net). In total, juvenile 
carp were sampled at 9 unique sites, but mostly in very low numbers (i.e. <3 per net; 
Table 5). Extremely high numbers of carp were however observed in South Lundsten 
Lake and Crown College Pond in 2015 (i.e. >300 per net) and trap-netting in 2016 
revealed that at least some portion of these carp successfully overwintered in both 
locations. Catch rates of YOY carp and one-year-old carp cannot be compared directly 
because one-year-old carp are not sampled as well in trapnets.  
Bluegill sunfish were abundant throughout much of the watershed (Table 6). 
Bluegill sunfish were sampled in all locations where juvenile carp were sampled except 
for in Crown College Pond in 2014 and 2015, Shady Pond, and Wassermann Pond West 
(Table 6). Shady Pond and Wassermann Pond West experience summer and winter 
hypoxia as evidenced by large numbers of dead fish in August trapnet surveys and low 
dissolved oxygen readings in February (Table 7). It should be noted that the presence of 
bluegill sunfish during fall trapnet surveys does not indicate that bluegills were present in 
the spring during the carp spawning season; it is possible that some basins experienced 
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winterkill conditions that went undetected due to bluegill sunfish recolonization from 
connected waters. 
2.3.2 Historical patterns of carp recruitment via ageing analysis 
Methods 
 To elucidate historical trends in common carp recruitment, ageing studies were 
conducted throughout most of the sub-watershed (Table 1). In 2014, otoliths were 
collected from Halsted’s Bay (n=51), Mud Lake (n=51), Parley Lake (n=51). In 2015, 
otoliths were collected from North Lundsten Lake (n=31), West Auburn Lake (n=28), 
East Auburn Lake (n=28), Wassermann Lake (n=37), and Piersons Lake (n=34). In 2016, 
otoliths were collected from Turbid Lake (n=24), Steiger Lake (n=15), and Zumbra Lake 
(n=28). Common carp were sampled via electrofishing, removed from the system, and 
frozen for subsequent analysis following established protocols for common carp outlined 
in Bajer and Sorensen (2010). Specifically, the asterisci otoliths (i.e. ear bones) were 
extracted, embedded in epoxy, and sectioned using a slow speed saw. Annual growth 
rings were counted using a compound microscope by two independent observers.  
Results 
In total, 378 common carp were collected across the sub-watershed for age 
determination. Carp ages ranged from 2 to 54 years old with just five year-classes (i.e. 
2001-2002 and 1990-1992) accounting for 68% of total recruitment system-wide (Figure 
31).  
The age structures of common carp sampled across the sub-watershed were not consistent 
between all study lakes, but were similar between some groups of adjacent lakes (Figure 
32). Lakes with similar age structures were grouped as follows: 1) Piersons and 
Wassermann, 2) East Auburn, West Auburn, North Lundsten, and Turbid, 3) Parley, 
Mud, and Halsted’s Bay, and 4) Steiger and Zumbra Lakes (Figure 33). The age structure 
results coupled with the results of the movement study (see section 2.2) seem to suggest 
that there are several sub-populations of carp within the sub-watershed (discussed in 
detail in section 2.4 below).  
At the headwaters of the system in Lakes Piersons and Wassermann, there have 
only been two strong year classes of common carp since the 1960s (i.e. 1991 & 1992; 
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figure 33). These two year classes account for 54% of all carp sampled in these two lakes 
combined. Aside from a couple of individuals every few years, there is a noticeable lack 
of young fish in this sub-population indicating that carp recruitment has been largely 
unsuccessful in recent years.  In contrast, in Lakes Auburn and Lundsten, there are 
relatively consistent year classes almost every year for the past 15 years and a notable 
absence of older individuals (Figure 33). The strongest year classes were from 2001 and 
2002 which accounted for 50% of recruitment in Auburn, Lundsten, and Turbid lakes 
combined. This age structure, along with extremely high catch rates of YOY carp in 
South Lundsten in 2015, indicates that South Lundsten is serving as an active and highly 
productive carp nursery. In Parley, Mud, and Halsted's Bay, 75% of all carp sampled 
assigned to the same strong year classes mentioned above (i.e. 1990, 1991, 1992, 2001, & 
2002; Figure 33). Similarly, these five years classes accounted for 84% of recruitment in 
Zumbra and Steiger Lakes as well (Figure 33).  
 Interestingly, the seven strongest year classes of carp observed in the Six Mile 
Creek sub-watershed (i.e. 1990-92, 2001-02, & 2009-10) closely matches the patterns of 
carp recruitment observed in the Phalen Chain sub-watershed in Saint Paul, MN (Figure 
34). The similarities in carp year class strength between the two isolated chains of lakes 
indicates that whatever is driving carp recruitment in the Six Mile Creek sub-watershed is 
likely not system-specific, but is instead related to outside factors such as climate. 
Historical water level records for Parley Lake dating back to the 1980s reveal that 
extended periods of low water preceded both 1991 and 2001 (Figure 35). It is possible 
that such drought conditions increased the likelihood and severity of winterkills in many 
of the shallow basins throughout the Six Mile Creek sub-watershed and the state during 
these years.  
2.4 Overall conclusions of research findings & resulting management units 
Based on the abundance estimates, size structures, movement patterns, and age 
structures of carp in the Six Mile Creek sub-watershed, there appears to be multiple sub-
populations of carp throughout the sub-watershed and consequently multiple 
management units. Carp sub-populations are: Piersons-Marsh-Wassermann, Auburn-
Lundsten-Turbid, Parley-Mud-Halsted’s, and the rest of the isolated lakes individually 
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(i.e. Stone, Zumbra-Sunny, and Steiger). These sub-populations are not entirely 
independent as there is evidence of low levels of movement between Lundsten and Parley 
and between Lundsten and Wassermann. Although ongoing carp recruitment in South 
Lundsten appears to impact both upstream and downstream sub-populations to some 
degree, dispersal of carp recruits from South Lundsten to other sub-populations appears 
to be minimal based on the prevailing recruitment patterns observed in each sub-
population elucidated from age structures and preliminary genetic analyses (See Figure 
33 and Chapter 3). Dispersal from South Lundsten to North Lundsten and Auburn Lakes 
is common. Cutting off dispersal of new carp recruits from South Lundsten is integral to 
managing carp throughout the entire Six Mile Creek sub-watershed and is likely a 
prerequisite to dividing the system up into clear manageable units. 
If MCWD were to suppress the ongoing recruitment in South Lundsten, the 
resulting management units would be: 1) Piersons-Marsh-Wassermann, 2) Auburn-
Lundsten-Turbid, 3) Parley-Mud-Halsted’s, and 4) Carver Park Reserve Lakes (Steiger 
Lake, Zumbra-Sunny, and Stone). The area between Wassermann and East Auburn (i.e. 
the wetland complex that includes Carl Krey, Kelzer’s Pond, and Church Lake) is not 
included in any management unit as no carp management activities are recommended 
there due to a lack of carp movement in and out of these systems and very low numbers 
of carp in the locations that were sampled. It should be noted that we have a poor 
understanding of this portion of the system due to limited access with sampling gear. 
Below is the rationale for delineating each management unit: 
Piersons-Marsh-Wassermann 
It appears that carp inhabiting Piersons Lake, Marsh Lake, and Wassermann Lake 
likely comprise a single sub-population that might be managed together. There are 
multiple lines of evidence that Piersons and Wassermann share a common primary carp 
nursery. Specifically, the age structures are similar between lakes and are both dominated 
by the 1991-92 year classes (55% & 51% of total recruitment; Figure 32) and the average 
size of carp is similar in both lakes (3.3kg & 3.4kg) and is in contrast to connected lakes 
(Table 2). Additionally, there is evidence of spawning migrations to Marsh Lake from 
both lakes and pilot studies indicate that genetic structures also appear similar between 
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lakes and are in contrast to downstream lakes (Chapter 3). Although no movement of 
radio-tagged carp into Marsh Lake was observed during the study period, there are past 
reports of spawning migrations to Marsh Lake from Piersons Lake (Wenck 2013) and 
hundreds of carp from Wassermann Lake were observed attempting to migrate towards 
Marsh Lake at the Marsh Lake Road crossing during spring of 2014.  
 Although it is possible for carp to move between Wassermann and downstream 
lakes as evidenced by 2 of 15 radio-tagged carp moving from Wassermann to East 
Auburn and back again and one moving as far as South Lundsten, movement seems 
relatively uncommon given the stark contrast between the age structures of carp in 
Piersons-Wassermann compared to that of Auburn-Lundsten-Turbid (Figure 33). Low 
levels of connectivity between South Lundsten and Wassermann Lake could explain the 
elevated presence of the 2001-02 year class in Wassermann Lake (17% of total 
recruitment) compared to that in Piersons Lake (3%) as well as the higher levels of 
genetic differentiation in Wassermann Lake (Chapter 3).  
Auburn-Lundsten-Turbid 
In the central portion of the sub-watershed, carp inhabiting East Auburn, West 
Auburn, North Lundsten, South Lundsten, and Turbid lakes might also be managed as a 
single sub-population. There are multiple lines of evidence that these lakes share two 
common nurseries (i.e. South Lundsten & Turbid lakes). South Lundsten Lake appears to 
be the primary nursery for both of the Lundstens and Auburns as evidenced by high catch 
rates of YOY carp in South Lundsten in 2015 (Table 5), spawning-season migrations of 
radio-tagged to South Lundsten from North Lundsten and Auburn (Table 3), similar age 
structures in Lundsten and Auburn dominated by the 2001-02 year classes (34% and 42% 
of total recruitment, respectively) and lacking the 1990-92 year classes (Figure 32), and 
similar average sizes of carp in the Lundstens and Auburns ranging from 1.9 kg to 2.6 kg 
(Table2).  
In Turbid Lake, every single carp analyzed assigned to the 2001-02 year classes 
(Figure 32) and there is some evidence of a genetic bottleneck (Chapter 3). It is possible 
that Turbid experienced a near complete winterkill in 2001, followed by recolonization 
by a small number of carp and/or repopulation by a small number of surviving carp. 
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Given this unique situation, carp spawned in Turbid Lake have a distinctive genetic 
signature that can be used to track their dispersal. Based on the genetic signatures of carp 
sampled in Lundsten and Auburn Lakes, it appears that roughly 5% of these carp were 
spawned in Turbid Lake (Chapter 3). There is no evidence of successful recruitment in 
Turbid Lake since 2002. 
Despite the presence of two additional inflowing creeks to East Auburn (i.e. 
Steiger Lake outflow and Sunny Lake outflow), no radio-tagged fish have been observed 
moving upstream or downstream in either of these creeks. Additionally, carp in these 
connected systems (i.e. Zumbra-Sunny, Stone, & Steiger) are significantly larger (> 3.0 
kg; Table 2) and older (Figure 32) which provides further evidence that these sub-
populations can be managed separately.  
Parley-Mud-Halsted’s 
In the lower portion of the sub-watershed, carp inhabiting lakes Parley, Mud, and 
Halsted’s Bay should also be managed as a single sub-population. It would be incredibly 
difficult to manage any of these lakes individually due to extremely high rates of carp 
movement between all three lakes (Figure 30). There is also evidence that these lakes 
share one or more common nurseries. Specifically, between Parley, Mud, and Halsted’s 
Bay, the average size of carp is similar (4.0, 4.1, & 4.4 kg, respectively; Table 2) and the 
age structures are dominated by the same five year classes (i.e. 2001-02, & 1990-92). 
Notably, Parley Lake contains more younger carp (spawned post 2000; Figure 32) 
relative to the other lakes downstream, suggesting that at least a portion of carp in this 
subpopulation may have originated from nursery areas in closer proximity to Parley Lake 
(i.e. Crown College Pond and/or South Lundsten Lake). Although carp are not able to 
move upstream through the Parley Lake dam to access South Lundsten to spawn, carp 
from above can move downstream as evidenced by one carp originally tagged with a T-
bar tag in West Auburn later being recaptured in Parley. The occurrence of spawning 
migrations below the Parley Lake dam provides further evidence that some carp were 
likely spawned upstream of the dam because common carp have a tendency to exhibit 
natal site homing (Koch 2014). 
  103 
This possible management unit presents challenges because large numbers of carp 
move readily between Parley-Mud-Halsted’s and other bays of Lake Minnetonka (Figure 
30). Understanding and quantifying carp movement outside of the Six Mile Creek sub-
watershed was beyond the scope of this study, but will be important to guide sustainable 
carp control in this management unit. Presently, this management unit cannot be 
separated from the rest of Lake Minnetonka without taking actions to isolate Parley-Mud 
and/or Halsted’s Bay from the other bays (e.g. installing a carp barrier between Mud 
Lake and Halsted’s Bay or between Halsted’s Bay and Priest’s Bay).   
Carver Park Reserve Lakes 
The rest of the study lakes (i.e. Steiger, Zumbra, Sunny, & Stone) each seem to 
contain their own isolated sub-population of carp, but we grouped them together as a 
possible single management unit given their similar ecological conditions, carp 
management goals, and shared location within the eastern Carver Park Reserve in the 
jurisdiction of the Three Rivers Park District. Although there was no carp movement in 
or out of any of these lakes during the study period, it should be noted that man-made 
barriers were in place in the connections between Stone and Sunny Lakes and between 
Zumbra and Sunny Lakes. Without these barriers, it is likely that Stone, Sunny, and 
Zumbra would function as one sub-population.  
3.0 Management Recommendations  
The overarching aim of the common carp assessment in the Six Mile Creek sub-
watershed was to develop a rigorous scientific understanding of the carp in this system to 
develop sustainable control strategies. The first step in any sustainable carp control 
program is to delineate appropriate management units by determining the spatial and 
temporal scales at which local carp population dynamics are operating. In the Six Mile 
Creek sub-watershed, four possible management units have been tentatively identified: 1) 
Piersons-Marsh-Wassermann, 2) Lundsten-Auburn-Turbid, 3) Parley-Mud-Halsted's, and 
4) Carver Park Reserve Lakes (see Section 2.4 for details and justifications).  
Next, appropriate management objectives and measurable targets must be 
established for each unit. To achieve long-term, sustainable control of carp populations, 
ongoing recruitment must be suppressed and future recruitment must be prevented owing 
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to the extreme fecundity and longevity of carp. To mitigate or prevent detrimental 
impacts to aquatic habitats and water quality, the biomass of carp might then be reduced 
and/or maintained below thresholds where ecological damage occurs. Specific targets for 
each management unit are discussed below in Sections 3.1 and 3.2. 
Finally, realistic strategies must be identified to meet the specific targets 
identified for each management unit and these strategies must be implemented in a 
strategic order.  There are multiple ways to approach carp control in the Six Mile Creek 
sub-watershed depending on management priorities. For example, one option would be to 
suppress recruitment system-wide and then proceed with biomass reduction in each 
individual management unit. Another approach would be to start in the headwaters of the 
system by meeting all of the objectives identified in the Piersons-Marsh-Wassermann 
management unit (i.e. recruitment suppression and existing biomass reduction) and then 
repeat for the remaining management units. A third approach would be to first eliminate 
carp movement between the sub-watershed and Lake Minnetonka and then proceed with 
either of the first two options. A fourth approach would be to implement individual 
management strategies opportunistically where they make sense with other district 
planning initiatives (e.g. installation of a carp barrier when a road crossing is being 
rebuilt).  
   Each of the management approaches outlined above has its own benefits and 
pitfalls.  We recommend the first approach of suppressing carp recruitment system-wide 
be strongly considered.  The rational for choosing this approach is because there is 
presently ongoing, continuous, and likely large-scale recruitment in South Lundsten Lake 
that should be addressed immediately to stop the overall carp population from growing.  
It is also important to address the sporadic recruitment that has occurred in all of the other 
management units to prevent successful large year classes of carp in the future – a single 
recruitment event can have devastating consequences. These actions should be prioritized 
because MCWD is currently in the unique position of having accurate, up-to-date 
estimates of carp abundance and biomass across the entire sub-watershed (see Table 2). If 
recruitment is not suppressed and the carp population continues to grow, new estimates of 
carp biomass will be required to adjust the management targets developed in this report.  
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After recruitment is suppressed system-wide, any of the remaining three management 
approaches seem reasonable. The following sections outline possible carp control 
strategies specific to each management unit regardless of the order they are implemented. 
3.1 Strategies to suppress recruitment 
 Given the fecundity of adult common carp (2-3 million eggs per large female), 
suppression of recruitment is the cornerstone of sustainable long-term carp management.   
After three years of trap-netting for YOY carp and determining the age structure of carp 
in 11 lakes, a few carp nurseries have been identified in the Six Mile Creek Sub-
watershed, with South Lundsten Lake being a management priority. Strategies to 
suppress recruitment are less clear in Piersons-Marsh-Wassermann, Parley-Mud-
Halsteds, and the Carver Park Reserve Lakes because the age structures in these lakes 
suggest that carp recruitment has only been successful in a few years since the 1960s 
(Figure 33). It is difficult to determine the precise source(s) of carp that were spawned 
decades ago, but it is possible to speculate on the likely sources based on our study 
findings, our knowledge of common carp life history, and historical climatic records. It is 
plausible that Mud Lake and the Marsh Lake both served as carp nurseries in the past 
because of the large number of carp that move towards them during the spawning season 
and because they are likely susceptible to winterkill conditions due to their shallow 
depths. 
3.1.1 Piersons-Marsh-Wassermann 
In the Piersons-Marsh-Wassermann management unit, aside from one YOY carp 
sampled in Wassermann Lake and two Age-1 carp sampled in Wassermann Pond West in 
2015, no juvenile carp have been sampled during the study period. The age structure of 
carp in Piersons and Wassermann also confirms that there is very little ongoing 
successful recruitment as most of the carp were spawned in 1990-92 (54% of total 
recruitment) compared to only 5% spawned during the past 10 years (Figure 33). 
Although there has not been any movement of tagged fish from Piersons or Wassermann 
into Marsh Lake during the study period, past reports of mass spawning migrations to 
Marsh Lake from both lakes indicate that it likely functioned as a nursery in the past. The 
dissolved oxygen content in Marsh Lake remained high (>9 mg/L; Table 7) during the 
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winters of 2014-15 and 2015-16 and bluegill sunfish catch rates were also very high in 
fall of 2014, 2015, and 2016 (131.4, 113.5, & 108.6 per net, respectively; Table 6). Based 
on these findings, it does not appear that Marsh Lake has a tendency to winterkill often, 
but perhaps extreme climatic conditions (e.g. harsh winters, above average snowfall, 
drought) could cause periodic winterkills. This could explain the recruitment success of 
carp in 1990-91 in this system because a winterkill likely occurred in Marsh Lake in 
1988-89 due to severe drought conditions across the state causing water levels to drop an 
average of three feet (MN DNR 1989).  
To prevent future successful carp recruitment in Marsh Lake, winter aeration 
should be considered to mitigate the risk of future winterkills. The feasibility of aerating 
Marsh Lake is presently unknown and should be explored. If aeration is not feasible, 
barriers should be installed to block adult carp from accessing Marsh Lake from both 
Piersons and Wassermann Lakes. Multiple barrier technologies exist, each with their own 
strengths, weaknesses, and limitations (see Table 8). A barrier between Piersons and 
Marsh must block carp swimming in the downstream direction whereas a barrier between 
Wassermann and Marsh must block carp swimming in an upstream direction.  
In Wassermann Lake, there is also evidence of some recruitment inputs from the 
Auburn-Lundsten-Turbid sub-population downstream. Specifically, the 2001-02 year 
class which is well-represented in Auburn-Lundsten-Turbid, accounts for 17% of total 
recruitment in Wassermann Lake compared to 3% in Piersons (Figure 32). The elevated 
presence of this year class in Wassermann coupled with evidence of radio-tagged carp 
moving from Wassermann to Auburn and South Lundsten and back confirms that 
dispersal of carp from South Lundsten to Wassermann is possible. To suppress ongoing 
recruitment inputs from downstream, recruitment in the Auburn-Lundsten-Turbid sub-
population would need to be suppressed (See Section 3.1.2) or a barrier would need to be 
installed at the outlet of Wassermann Lake. This barrier would only need to be a 1-way 
barrier that prevented carp from entering Wassermann from downstream waters. 
Depending on the site specifications, a velocity barrier, vertical drop barrier, or an 
electric barrier may be effective (see Table 8). 
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3.1.2 Auburn-Lundsten-Turbid 
 In this management unit, it appears that South Lundsten Lake is a very productive 
and active carp nursery. South Lundsten supports extremely high densities of YOY carp 
and is well-connected to other lakes as evidenced by high catch rates of YOY carp in 
trapnets in 2015 (>300 per net), movement of radio-tagged carp between North and South 
Lundsten (56%, annually) and between Auburn and South Lundsten (43%, annually), and 
the prevalence of young carp inhabiting Lundsten and Auburn Lakes (Figure 33). 
Although moderate numbers of bluegill sunfish were sampled in South Lundsten Lake 
during fall trapnet surveys (17.4, 34.2, & 68.8 per net in 2014, 2015, & 2016 
respectively; Table 6), the maximum dissolved oxygen content measured by MCWD staff 
during winter of 2014-15 was 1.5 mg/L (Table 7), just slightly above a level that is lethal 
to bluegill sunfish (Moss & Scott 1961; Petrosky & Magnuson 1973; Bajer & Sorensen 
2010). The dissolved oxygen concentration was measured by MCWD staff in February of 
2015 at the deepest point in the lake; it is likely that oxygen levels fell below 1.5 mg/L in 
shallower parts of the lake or later in the winter resulting in at least a partial winterkill of 
bluegill sunfish in South Lundsten. It is possible that bluegill sunfish were then able to 
recolonize South Lundsten from connected waters before our fall surveys were 
conducted. In winter of 2015-16, the maximum dissolved oxygen content was 10.0 mg/L 
(Table 7) and trap-netting in South Lundsten in 2016 revealed that many bluegills 
survived the winter (108.6 and 68.8 fish per net in April and September, respectively) and 
no YOY carp were present in fall of 2016. 
Interestingly, there is a lack of older carp in this sub-population indicating that 
South Lundsten Lake has not always been an active, productive nursery. Specifically, the 
1990-92 year classes that are well-represented everywhere else throughout the sub-
watershed are missing from Auburn-Lundsten-Turbid (Figure 33). This lack of old carp 
may be explained by the former presence of a riprap dam between West Auburn and 
North Lundsten that washed out in the late 1990’s (Wenck 2013). This dam (and 
probable fish barrier) was replaced by a culvert that is easily passable by carp as 
evidenced by our radio-tagging study results and may have allowed unprecedented access 
to the prime spawning habitats in South Lundsten. 
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To suppress ongoing recruitment in Auburn-Lundsten-Turbid, aerating South 
Lundsten during the winter months is recommended to promote the survival of a robust 
panfish community year-round in order to increase predation pressure on carp eggs and 
larvae. The feasibility of aeration in South Lundsten Lake is presently unknown, but it 
may be increased by manipulating water levels to be higher in the winter via the water 
control structure at the outlet of North Lundsten Lake (aka the Parley Lake Dam). It 
should be noted that future aeration will do nothing to address the juvenile carp that are 
already in South Lundsten, including the sizeable 2015 year class. These carp could be 
removed as adults later using a variety of techniques (see section 3.2.2) or actions could 
be implemented in 2017 to eliminate them from South Lundsten Lake before large 
numbers start dispersing to connected lakes (e.g. whole-lake poisoning or water 
drawdown).   
Although South Lundsten is the primary carp nursery for this sub-population, 
there is also some evidence that low levels of successful recruitment has occurred in 
North Lundsten and Turbid Lakes as well. Specifically, small numbers of YOY carp were 
sampled in trap-nets in North Lundsten in 2015 (3.2 carp per net; Table 6) and 
preliminary genetic evidence indicates that roughly 5% of the carp in Auburn and 
Lundsten Lakes originated from Turbid Lake (Chapter 3). To prevent future sporadic 
recruitment in North Lundsten and Turbid lakes, wintertime aeration is recommended to 
promote dissolved oxygen concentrations adequate for bluegill sunfish survival.  
If aeration is not feasible in South Lundsten, North Lundsten, and/or Turbid lakes, 
barriers could be installed to isolate one or more of these lakes.  It would be difficult to 
isolate South Lundsten from North Lundsten due to their close proximity and minimal 
separation by a low-lying horse path that is prone to flooding. A better place for a barrier 
may be the culvert between North Lundsten and West Auburn, the site of the former 
riprap dam. If isolation is not feasible, these lakes could be monitored annually for 
successful recruitment (see section 3.3) and then regularly drawdown and/or poisoned to 
eliminate juvenile carp before they are able to disperse to connected lakes. Additionally, 
it may be possible to manipulate water levels during the spawning season to decrease 
carp recruitment rates (Shields 1958). This may be accomplished by operating the North 
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Lundsten outlet structure to lower water levels immediately following peak carp 
spawning behavior in attempts to desiccate vulnerable eggs and larvae. This feasibility of 
this strategy depends on the outlet structure design and lake bathymetry. 
3.1.3 Parley-Mud-Halsted’s 
In this possible management unit, carp may be coming from multiple sources 
including South Lundsten, Mud, or one or more peripheral ponds where YOY carp have 
been sampled during the study period (i.e. Big SOB Lake and/or Crown College Pond). 
Based on the age structure of carp in these lakes, with roughly half of all individuals 
assigning to the 1990-92 year classes and a very low representation of these year classes 
in Auburn-Lundsten-Turbid (Figure 33), it seems likely that most of these older fish were 
spawned in locations below the Parley lake dam (i.e. not South Lundsten). In contrast, 
roughly 20% of carp in this management unit assigned to the 2001-02 year classes 
(Figure 33), with these younger fish being twice as prevalent in Parley compared to Mud 
or Halsted’s Bay (Figure 32). Because these year classes are more prevalent in Parley 
Lake and were also well-represented in Auburn-Lundsten, it follows that these 
individuals may have been spawned in South Lundsten Lake. Observations of carp 
moving successfully through the Parley Lake Dam in the downstream direction and past 
occurrences of large spawning migrations of carp trying to pass through the Parley Lake 
dam in an upstream direction coupled with the homing tendencies of carp support this 
hypothesis (Koch 2014). 
To suppress the ongoing recruitment inputs to Parley-Mud-Halsted’s from South 
Lundsten Lake, recruitment would have to be suppressed in Auburn-Lundsten-Turbid 
(strategies discussed above in section 3.1.2) or carp movement through the Parley Lake 
Dam would have to be prevented. Preventing future recruitment below the Parley Lake 
Dam is more complicated due to the uncertainty surrounding where exactly young carp 
were historically produced. Due to the statewide drought conditions in 1988-89, it is 
possible that Mud Lake winterkilled in 1989-90 creating ideal carp spawning conditions 
the next spring for the same reasons discussed above for Marsh Lake. Specifically, water 
levels in Parley Lake reached record lows during 1988-1990 (2.5ft lower than average 
conditions; Figure 35), which would have made Mud Lake approximately 1 foot deep on 
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average during those years. It is also possible that carp were spawned in one or more of 
the peripheral basins where YOY carp were sampled during the study period as these 
basins would have likely winterkilled that year as well. The role that these peripheral 
basins have in contributing carp recruits to the greater sub-population is however unclear. 
The YOY carp that were sampled in Big SOB Lake in 2015 were likely an artifact of a 
rotenone poisoning carried out by the property owner the preceding fall which mimicked 
winterkill conditions and was followed by high spring water levels which facilitated 
recolonization by adult carp from Parley. Crown College Pond likely suffers partial or 
complete winterkills most years as evidenced by it freezing solid to the bottom in winter 
2014-2015 and experiencing very low dissolved oxygen concentrations in winter 2015-16 
(1.85 mg/L) despite mild conditions (Table 7). Although very high numbers of YOY carp 
were sampled in Crown College Pond in fall of 2015 (>300 per net), few one-year-old 
carp were sampled in April of 2016 (2.6 per net) indicating relatively high overwinter 
mortality rates. Nevertheless, at least some carp did survive the winter in Crown Pond 
despite suboptimal oxygen conditions, indicating that Crown Pond could serve as a 
source of carp to connected waters if emigration is possible.  
To prevent future recruitment in Parley-Mud-Halsted’s, wintertime aeration of 
Mud Lake is recommended. If aeration of Mud Lake is not feasible, isolating Mud Lake 
from both Parley and Halsted’s Bay using barriers is recommended. Isolating Mud Lake 
would be difficult because carp frequently move through these corridors in both 
directions (Table 3). Because 100% of our radio-tagged carp left Mud Lake by December 
2015 to overwinter in Parley, there should be a window of time between December and 
ice-out to install barriers while Mud Lake does not contain many carp. As for the 
peripheral potential carp nurseries, it is unknown if Big SOB Lake experiences winter 
hypoxia under natural conditions, but it is currently being aerated by the private 
landowner and should continue to support a healthy panfish community if aeration 
continues. In Crown College Pond, aeration is likely not feasible due to its tendency to 
freeze solid in some years, so isolation of this pond is recommended instead. The creek 
flowing from Crown Pond to Parley flows intermittently and is not passable by carp most 
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of the year; a simple physical barrier blocking adult carp from accessing Crown from 
Parley may be sufficient.  
3.1.4 Carver Park Reserve Lakes 
 No YOY carp were sampled in any of the lakes within the Carver Park Reserve 
management unit (i.e. Steiger, Zumbra, Sunny, and Stone) and the age structures in 
Zumbra and Steiger lakes indicate that successful recruitment has largely been restricted 
to the 2001-02 and 1990-92 year classes (Figure 33). Furthermore, all of these lakes 
contain low to moderate numbers of carp which indicates that population abundance has 
not been increasing rapidly. It is difficult to determine where the carp were produced in 
past years, but reports of a history of winterkill in Sunny Lake (Wenck 2013) along with 
very low dissolved oxygen concentrations measured in Sunny in February 2015 (0.9 
mg/L; Table 7) draw attention to Sunny as a potential carp nursery. No signs of winterkill 
were observed in Sunny Lake during the study period (i.e. bluegill catch rates > 38.0 
fish/net each year) and no movement of carp was observed in or out of any of these lakes 
towards Sunny although manmade barriers were in place at the outlets of Stone and 
Zumbra during the entire study period.  
 As a precautionary measure to prevent possible future recruitment in Sunny Lake, 
aeration of Sunny should be considered. Additionally, the barrier at the Stone outlet 
should be maintained and the barrier at the Zumbra outlet should be fortified. The current 
barrier at the Zumbra outlet is not very robust and is also prone to flooding (See Figure 
36). The wide spacing of the Zumbra outlet barrier should be maintained to promote 
recolonization of Sunny Lake by bluegill sunfish in the event of a winterkill. 
3.1.5 Summary of recruitment suppression strategies 
• To suppress the consistent, ongoing carp recruitment occurring in South 
Lundsten Lake, winter aeration of South Lundsten should be a management 
priority. Aerating South Lundsten should not only eliminate the primary 
source of carp in Auburn-Lundsten-Turbid, but it will also reduce recruitment 
inputs to Wassermann Lake and Parley-Mud-Halsted.   
• To prevent additional strong year classes of carp in areas that were identified 
as past productive carp nurseries, wintertime aeration should be considered for 
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Marsh, Mud, Sunny, Turbid, and North Lundsten lakes. These lakes contained 
robust populations of bluegill sunfish during the study period, but are 
vulnerable to climatic extremes that may induce winterkill. Supplemental 
stocking of bluegill sunfish is likely not necessary because native fishes 
appear to readily repopulate all locations. 
• The feasibility of winter aeration in the aforementioned lakes is unknown and 
should be determined. It is presently unclear whether aeration can prevent 
carp recruitment if it is only partially successful because the critical density of 
bluegill sunfish required to control carp eggs and larvae is unknown.   
• In locations where aeration is not feasible or practical, barriers may be 
deployed in attempts to isolate nurseries from connected waters.  
o Simple physical barriers (e.g. fences or culvert screens) may be 
appropriate for sites with low discharge, little debris, and well-defined 
channels. Simple physical barriers are already in place at the outlets of 
Stone and Zumbra Lakes to block access to Sunny Lake. The barrier at 
the Zumbra Lake outlet should be enhanced if Sunny Lake is not 
aerated as it is currently prone to flooding.  
o A simple physical barrier should be considered at the outlet of Crown 
College Pond to prevent access by carp from Parley Lake. 
o Specialized site-specific barriers would be required to isolate Marsh, 
Mud, North Lundsten, and/or South Lundsten Lake in the event that 
aeration is not feasible or practical. Barriers at these locations would 
need to be designed to accommodate moderate to high discharge rates, 
considerable amounts of debris, and the need to prevent carp 
movement in upstream, downstream, or both directions.  
• In locations where neither aeration nor isolation is feasible, recruitment 
prevention may not be possible, but recruitment mitigation may be possible. 
This may be accomplished through whole-lake manipulations such as water 
drawdowns or poisonings to eliminate existing juvenile carp before they 
disperse to connected waters. 
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o This type of strategy could be considered to address the 2015 year 
class in South Lundsten Lake that recruited during the study period. 
Alternatively, these fish could be removed as adults throughout the 
Auburn-Lundsten-Turbid management unit in the future (see Section 
3.2.2). 
• As recruitment suppression management actions are implemented, there will 
be a need for ongoing monitoring of carp recruitment (see Section 3.3) 
• Emergency response contingency plans should be developed to be able to 
respond quickly to unplanned events such as aeration failure. 
3.2 Strategies to reduce the biomass of adult carp 
Once recruitment is under control, it is reasonable to remove adult carp with the 
goal of reducing carp biomass below damaging levels (i.e. 100 kg/ha). Based on multiple 
electrofishing surveys conducted across the sub-watershed over three years, it is clear that 
there are locations that both warrant and do not warrant adult carp removal to meet a carp 
biomass target of 100 kg/ha (See Table 2). The only lakes that will likely not require any 
adult carp removal are Piersons, Stone, and Kelzer’s. The total abundance of carp in the 
Six Mile Creek sub-watershed is approximately 130,459 individuals with an average 
weight of 3.63 kg for a total biomass of 491 kg/ha. This estimate should be considered 
slightly conservative because it only applies to the 15 study lakes that were accessible 
with electrofishing boat and thus excludes Marsh, Carl Krey, Church, Big SOB, Crown, 
and Wassermann Pond West although numbers of resident adult carp in these locations 
are expected to be minimal. The Six Mile Creek sub-watershed would need an overall 
reduction of 80% of its existing adult carp biomass (roughly 100,000 individuals) in order 
to meet a target threshold of 100 kg/ha. Specific carp removal goals for each management 
unit (see Table 9) and possible strategies to achieve them are discussed below (Sections 
3.2.1-3.2.4) after a brief overview of carp removal options. 
There are multiple different strategies to reduce carp abundance, each with its 
own strengths, weaknesses, and limitations. These strategies are not mutually-exclusive 
and can often be employed in combination. Under-ice commercial seining can be a useful 
strategy to remove large numbers of carp with very little non-target impacts. The 
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feasibility and success of seining depends on ice conditions, substrate conditions at the 
aggregation site, bathymetry at the aggregation site, as well as the level of commercial 
fishing expertise and funds available (the relative cost of removing fish increases as their 
number decreases). It is very likely that multiple systematic seining attempts over many 
years will be necessary to significantly reduce existing adult biomass in most locations. 
Where seining is not possible or practical, trapping and removal of spawning migrants 
may be another viable management strategy. For example, this method has been very 
successful in removing adult carp from Piersons Lake where roughly 4,000 carp have 
been removed at the outlet to Marsh Lake (Wenck 2013), bringing the current estimated 
carp biomass below 100 kg/ha. High rates of carp movement have been observed in Six 
Mile Creek between Halsted’s Bay and Mud Lake, between Mud and Parley lakes, 
between West Auburn and North Lundsten lakes, and between East Auburn and West 
Auburn. Bidirectional traps in these locations could be very effective in removing large 
numbers of migrating carp. Another option for removing carp is via baited traps such as 
box nets baited with corn. This method is useful when natural aggregations do not occur 
or when carp abundance is low because it can induce carp to aggregate in a desired 
location by training them to come to a food source (Bajer et al. 2010). This method only 
works during the summer and fall when carp are actively feeding and requires several 
days of baiting to induce an aggregation. Average harvest rates depend on net size and 
food availability, but catch rates of roughly a few hundred individuals can typically be 
expected. It is also possible to reduce carp numbers by inducing whole lake fish kills 
through water level drawdown and freeze out or by using poisons such as rotenone. 
These strategies are often the most economical, but also have the greatest impacts to non-
target species. There are also some emerging technologies currently under development 
such as species-specific fish toxin delivery systems and engineered diseases, but these 
methods will likely not be available for use in natural systems for decades. 
 
3.2.1 Piersons-Marsh-Wassermann 
This management unit presently contains approximately 13,611 carp with a total 
biomass of 247 kg/ha. To achieve 100 kg/ha of carp, the sub-population would need to be 
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reduced by 60% or 8,107 carp (Table 9). Because the carp biomass in Piersons Lake is 
already below 100 kg/ha, removal should occur in Wassermann Lake.  
Removing 8,107 carp from Wassermann may be possible with a combination of 
techniques including seining, baited nets, and/or installing a one-way fish barrier at the 
outlet of Wassermann Lake. A large portion of these fish could be removed in a few 
successful seine hauls given the tendency of 100% of the radio-tagged carp to tightly 
aggregate in this lake from December through February.  It should however be noted that 
under-ice seining has failed in Wassermann in the past apparently due to unfavorable 
substrate conditions in some portions of the lake (muck and debris). Repeated strategic 
seining attempts would likely be required and debris removal may also be necessary. A 
baited box net would likely be another viable option to remove carp from Wassermann 
Lake. It would be incredibly labor-intensive to remove ~8,000 carp using a box net, but it 
could be an efficient option if only a few thousand carp remained in the lake. The box net 
would need to be deployed in an area with sandy substrate (e.g. most of the eastern or 
southern shorelines). Another option to reduce the carp abundance in Wassermann Lake 
would be to install a one-way barrier at the outlet designed to let carp leave Wassermann, 
but not return (e.g. electric, velocity, or vertical drop barrier). Based on the annual 
movement rates of radio-tagged carp that left Wassermann to travel to Auburn or 
Lundsten lakes downstream and then later returned, a roughly 22% reduction in carp 
abundance could be expected if reentry to Wassermann Lake was blocked. This type of 
barrier would have the added benefit of protecting Wassermann Lake from downstream 
recruitment inputs, but would also require the adult carp from Wassermann Lake to be 
removed from the system downstream in the Auburn-Lundsten-Turbid management unit. 
It is possible that a trap could be installed in conjunction with a one-way barrier to block 
reentry into Wassermann while also removing fish from the system. One example of an 
electric barrier paired with a trap that had success blocking and removing invasive sea 
lamprey is discussed in Johnson et al. (2016). This technology has not yet been tested on 
common carp.  
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3.2.2 Auburn-Lundsten-Turbid 
This management unit presently contains approximately 20,802 carp with a total 
biomass of 286 kg/ha. To achieve 100 kg/ha of carp, the sub-population would need to be 
reduced by 65% or 13,527 carp (Table 9). Carp are distributed relatively evenly across 
these lakes and therefore all will need adult carp removal to achieve targets. Because carp 
move readily between East Auburn, West Auburn, North Lundsten, and South Lundsten, 
they cannot be managed independently. The number of carp in this sub-population will 
likely continue to increase given the ongoing recruitment observed in South Lundsten, 
including the 2015 year class. Because this sub-population is comprised of young, fast-
growing carp, it likely has not been experiencing damaging levels of carp for long which 
might explain its relatively good water quality despite its high carp biomass. Removal of 
roughly 12,000 carp from Auburn and Lundsten lakes combined along with another 1,500 
carp from Turbid would be necessary to achieve targets. 
In Auburn-Lundsten, under-ice seining is likely feasible in both East and West 
Auburns, but not in North or South Lundsten. Tight aggregations of 100% of radio-
tagged carp formed in West Auburn from January through February and in East Auburn 
from December through February. Under-ice seining may not be feasible in Lundsten 
Lake due to limited access and its shallow depth with dense vegetation growth. In 
addition to seining, trapping carp that are migrating between West Auburn and North 
Lundsten could also be effective because an average of 43% of radio-tagged carp from 
East and West Auburn lakes passed through this corridor annually (~4,500 carp). The site 
of the former riprap dam in the Carver Park Reserve might be a good location to trap carp 
in this corridor because the channel is restricted to a ~4 foot culvert. Baited box nets may 
be a useful tool to supplement removal in West Auburn Lake, but the substrate in East 
Auburn or either of the Lundstens is too mucky and not likely amenable to box-netting. 
Another possible option for reducing carp in Auburn-Lundsten would be to drawdown 
and freeze out North and South Lundsten if the North Lundsten outlet structure (aka 
Parley Lake Dam) could be operated to reduce water levels enough to promote winterkill. 
Whole-lake poisonings of South and North Lundsten could also be conducted (applying 
toxins in conjunction with a drawdown would reduce dosage requirements). These 
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strategies could eliminate the resident adult population of carp in North and South 
Lundsten combined (~5,000 carp) as well as any juvenile carp that were present (e.g. the 
2015 year class). In attempting whole-lake fish kills, precautions should be taken to avoid 
creating conditions that instead promote increased carp recruitment. For example, 
incomplete kills of adult carp or recolonization of adult carp before panfish populations 
rebound could create ideal carp spawning conditions. 
Although Turbid Lake has the highest carp biomass (514 kg/ha) within the 
Auburn-Lundsten-Turbid management unit, it only contains 2,300 carp. A removal target 
of 1,500 carp is appropriate and could be achieved through under-ice seining, open water 
seining (a seine net could cover the vast majority of the lake due to its small size), or via 
baited box-netting along the sandy Eastern shoreline. Permission from a local landowner 
would be required for access. 
3.2.3 Parley-Mud-Halsteds 
This management unit presently contains approximately 85,759 carp with a total 
biomass of 981 kg/ha. To achieve 100 kg/ha of carp, abundance would need to be 
reduced by 90% or 77,014 individuals (Table 9). The biomass of carp is incredibly high 
in all three lakes and movement rates are also very high between all lakes.  This 
management unit is complicated by its connection to the rest of Lake Minnetonka (an 
average of 22% of the carp radio-tagged in Parley, Mud, or Halsted’s Bay moved to other 
bays of Lake Minnetonka annually) and presently cannot be managed independently from 
Lake Minnetonka. Because managing carp in Parley, Mud, and all of Lake Minnetonka 
combined is likely not realistic, these locations could be divided up into smaller 
management units using barriers to isolate portions of the system.  
Parley and Mud Lakes could be isolated from Lake Minnetonka by installing a 
barrier between Mud Lake and Halsted’s Bay. Carp in Parley and Mud Lakes are 
vulnerable to removal via under-ice seining because all of the radio-tagged carp from 
both lakes formed a single tight aggregation in Parley Lake during both years of the 
study. Additionally, there is a history of successful seining in Parley Lake as evidenced 
by 6,206 of 21,315 carp (29% of the total carp population in Parley-Mud) being captured 
in one seine haul in March of 2015 and tens of thousands of pounds of carp being 
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captured and removed in the early 2000’s (MN DNR Carver County commercial fishing 
records). It should be noted that most of the carp captured in the 2015 seine haul escaped 
back into Parley Lake as they were awaiting transport because the holding pens were 
vandalized. In addition to seining, carp could be removed from Parley and Mud Lakes by 
trapping spawning migrants at one or more locations. Carp could be removed in traps 
between Parley and Mud Lake, especially in late November/early December as carp leave 
Mud Lake to overwinter in Parley or in spring as carp return to Mud Lake after ice-out. 
An average of 81% of radio-tagged carp from Parley or Mud Lakes moved through this 
corridor annually. Additionally, carp from Parley and Mud could be removed between 
Mud Lake and Halsted’s Bay if traps were installed in conjunction with the barrier 
recommended at this location. This barrier/trap system could be designed to remove carp 
moving in both directions which would reduce the numbers of carp in Halsted’s Bay as 
well. An average of 47% of radio-tagged carp from Parley, Mud, or Halsted’s Bay moved 
through this corridor annually during the study period. 
If a barrier was installed between Mud Lake and Halsted’s Bay as discussed 
above, Halsted’s Bay could be managed with the rest of Lake Minnetonka. Given the 
high rates of carp movement between Halsted’s Bay and other bays, it would need to be 
isolated from the rest of Lake Minnetonka to be managed for carp independently. 
Isolating Halsted’s Bay from the other bays would be challenging given the need for a 
navigable channel between Halsted’s and Priest’s Bays. The only safe, available fish 
deterrence technology that would not impede boat traffic would be a Bio-Acoustic Fish 
Fence system (BAFF; http://www.fish-guide.com/baff-system.html). A BAFF system 
optimized to deter carp is currently being designed and tested by the Sorensen Lab group 
at the UMN.  This type of system would likely work best installed at an angle to deflect 
carp into traps versus as a cross-stream barrier to impede movement. If Halsted’s Bay 
could be successfully isolated from the rest of Lake Minnetonka, carp could be removed 
via seining, stream traps, or baited box nets although box nets would be impractical until 
carp abundance was drastically reduced. 
 
 
  119 
3.2.4 Carver Park Reserve Lakes 
This management unit presently contains approximately 10,247 carp with a total 
biomass of 180 kg/ha. To achieve 100 kg/ha of carp, abundance would need to be 
reduced by 45% (Table 9). Because the lakes in this management unit (i.e. Steiger, 
Zumbra, Sunny, and Stone) each contain their own sub-population of carp, adult removal 
strategies can be implemented independently. In Stone Lake, carp biomass is already 
below the target threshold and immigration of new carp is prevented by a barrier at the 
outlet, so no carp removal is necessary. Modest amounts of carp removal would be 
required to meet the 100 kg/ha target in Steiger, Zumbra, and Sunny Lakes 
(approximately 1000, 3000, and 400 individuals, respectively).  
In Steiger Lake, because the radio-tagged carp never formed winter aggregations 
during the study period, under-ice seining is probably not feasible. A baited box net could 
likely be used to remove ~1,000 carp in just a few good hauls. Preliminary baiting 
experiments conducted in Steiger Lake by Drs. Ratna Ghosal and Jessica Eichmiller of 
the UMN as part of an unrelated study demonstrated that 23 of 25 (92%) radio-tagged 
common carp aggregated by a corn baiting station within 7 days (Ghosal, Eichmiller, et 
al., in prep). In Zumbra Lake, 3,000 carp could be removed via under-ice seining or 
baited box nets. The radio-tagged carp in Zumbra Lake formed tight winter aggregations 
in the Northwest bay from January through February in both years of the study.  In Sunny 
Lake, adult carp removal would be difficult due to limited access, mucky substrate, and 
dense coontail growth.  
3.2.5 Summary of adult removal strategies 
• To meet a target carp biomass threshold of 100 kg/ha, removal of adult carp is 
necessary in all locations throughout the sub-watershed except Piersons Lake, 
Stone Lake, and Kelzer’s Pond. 
• Removal methods are not mutually-exclusive; implementing a combination of 
methods over several years or possibly decades will likely be required to achieve 
biomass targets system-wide. 
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• Whenever possible and practical, the most efficient way to remove carp without 
severely impacting non-target species is to exploit naturally occurring 
aggregations of carp such as winter aggregations or spawning migrations.  
o Targeting winter aggregations via under-ice commercial seining may be 
feasible in Wassermann, East Auburn, West Auburn, Turbid, Zumbra, 
Parley, and Halsted’s Bay.  
o Targeting migrating carp using stream traps may be feasible in the 
corridors between Wassermann and East Auburn, West Auburn and North 
Lundsten, Parley and Mud, Mud and Halsted’s Bay, and Halsted’s Bay 
and Preist’s Bay.  
• If aggregations do not occur naturally or if individuals are in low abundance, it 
may be possible to induce targetable aggregations via baiting. 
o Removing carp via baited box nets may be feasible in Wassermann, West 
Auburn, Turbid, Steiger, Zumbra, Parley, and Halsted’s Bay. 
• When physical removal of adults is not possible or practical, whole-lake 
manipulations to eliminate fish such as water drawdowns or poisonings could be 
considered.  
3.3 Monitoring recommendations 
 When implementing management strategies using an adaptive management 
approach, ongoing monitoring is necessary to measure progress and evaluate success. In 
terms of carp management in the Six Mile Creek sub-watershed, it will be necessary to 
monitor all putative carp nurseries (i.e. Marsh, South Lundsten, North Lundsten, Turbid, 
Sunny, Mud, and Crown) for successful recruitment and to monitor carp biomass levels 
as adults are removed.  
To monitor carp recruitment, winter dissolved oxygen in all putative carp 
nurseries should be measured monthly every year and visual observations for fish 
carcasses should be conducted each spring immediately following ice-out. Monitoring 
dissolved oxygen content is especially important in the event that aeration systems are 
installed. If any signs of winterkill are observed (i.e. dissolved oxygen <1.5 mg/L, fish 
carcasses present), standardized trap-net surveys should be carried out in the spring to 
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assess bluegill sunfish survival and in the fall to assess YOY carp production and bluegill 
sunfish recolonization. In the event that putative nurseries are isolated with barriers, 
regular visual observations at barrier sites should be conducted throughout the open water 
season and after all rainfall events. In the event that a barrier is breached, fall trap-net 
surveys should be conducted in all relevant nurseries to assess YOY carp production.  
To monitor adult carp biomass, boat electrofishing surveys should be conducted 
following the protocols established in Bajer and Sorensen (2012). Adult carp biomass 
should be monitored as needed in the event of successful recruitment causing population 
growth or to verify population decline as a result of management actions (e.g. winter 
seining, stream trapping, box netting, poisoning). Additionally, where adult carp removal 
is successful, MCWD should be prepared to monitor the response of aquatic plants and 
nutrients. 
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Tables & Figures 
 
Table 1. Overview of study design -- Attributes of study lakes in the Six Mile Creek Sub-
watershed and available sampling data collected by the University of Minnesota. X’s 
denote sampling that has occurred each year and asterisks (*) denote sampling conducted 
by MCWD staff.  
 
 
 
 
  
Location
Surface 
Area (ac)
Max 
Depth (ft)
2014 2015 2016 2014 2015 2016 2014 2015 2016
Halsted's Bay 552 30 X X X X X X 15
Mud 144 6 X X X X X X X 15 X
Parley 257 19 X X X X X X X 15
Crown College 6 3 X X X
Big SOB 7.5 25 X X X X X
Yetzer's Pond 12 2 X
N. Lundsten 114 7 X X X X X X X 5 X
S. Lundsten 77 9 X X X X X X 5 X
Turbid 40 35 X X X X X X X 5
Lake #2 36 N/A X
W. Auburn 145 80 X X X X X X X 7
E. Auburn 148 40 X X X X X X X 8
Shady Pond 0.5 >5 X X X X
Sunny 48 N/A X X X X X X 3 X
Zumbra 193 50 X X X X X X X 7
Stone 99 30 X X X X X X
Steiger 166 37 X X X X X X X 10
Kelzer's 21 34 X X X X X X X
Church 16 54 X X X
Carl Krey 50 16 X X X X
Wassermann 164 41 X X X X X X X 15
N. Wassermann Pond 6 27 X
S. Wassermann Pond 13.3 27 X
W. Wassermann Pond 6.5 18 X X X
Marsh 143 5 X X X X
Piersons 297 40 X X X X X X X 10
Aging StudiesTrapnet SurveyElectrofishing Survey
Radio 
Telmetry 
(# of Tags)
Winter 
Dissolved 
Oxygen*
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Lake Name Area (ha)
# of 
Surveys
CPUE (SE) 
(# / hr)
Abundance, mean   
(95%CI)
Average 
Weight  (kg)
Biomass (kg/ha)    
(95%CI)
Halsted's Bay 223.4 9 60.6 (3.2) 64,441 (57,769-71,113) 4.38 1,264 (1,133- 1,394)
Mud   37.6 10 28.4 (3.3) 5,148 (4,019-6,277) 4.12 564 (440-687)
Parley   104.4 10 32.2 (1.2) 16,167 (14,987-17,348) 4.02 623 (577-668)
North Lundsten   43.7 7 12.9 (3.1) 2,793 (1,557-4,029) 2.56 164 (91-236)
South Lundsten   29.9 4 16.5 (3.8) 2,414 (1,354-3,474) 2.54 204 (115-295)
West Auburn  53.8 9 27.8 (1.9) 7,201 (6,267-8,136) 2.33 311 (271-352)
East Auburn   46.9 10 27.0 (3.9) 6,121 (4,421-7,820) 1.94 253 (183-323)
Turbid 16.2 8 29.2 (1.5) 2,273 (2,051-2,496) 3.66 514 (464-564)
Wassermann 66.0 10 31.6 (3.1) 10,031 (8,149-11,912) 3.44 523 (425-621)
Piersons   120.1 11 5.7 (0.8) 3,580 (2,644-4,516) 3.32 99 (73-125)
Steiger 67.1 10 8.5 (1.6) 2,886 (1,915-3,857) 3.62 156 (103-208)
Sunny   19.4 4 10.1 (3.3) 981 (398-1,565) 3.26 165 (67-263)
Zumbra   89.4 10 13.5 (1.6) 5,953 (4,630-7,276) 2.99 199 (155-243)
Stone 39.3 5 1.7 (0.9) 427 (108-746) 4.77 52 (13-91)
Kelzer's 8.0 5 0.5 (0.4) 43 (11-74) 4.77 26 (7-45)
All Six Mile 965.2 122 130,459 3.63 491
Table 2. Attributes of 15 assessable study lakes, mean catch rates of common carp from 
whole-lake boat electrofishing surveys (CPUE), and resulting estimates of carp 
abundance and biomass in the Six Mile Creek Sub-watershed. Electrofishing surveys 
were conducted between June and October and are shown for 2014 alone (top) and 2014, 
2015, and 2016 combined (bottom).  
2014 
2014-2016 Combined 
Lake Name Area (ha)
# of 
Surveys
CPUE (SE) 
(# / hr)
Abundance, mean 
(95%CI)
Average 
Weight  (kg)
Biomass (kg/ha)    
(95%CI)
Halsted's Bay 223.4 4 61.3 (4.6) 65,225 (55,803-74,646) 3.74 1,093 (935-1,251)
Mud   37.6 6 26.3 (5.2) 4,782 (2,969-6,595 3.89 495 (307-683)
Parley   104.4 6 30.4 (1.6) 15,265 (13,709-16,820) 3.51 513(461-566)
North Lundsten   43.7 2 21.3 (9.2) 4,515 (795-8,234) 1.98 204 (36-372)
South Lundsten   29.9 1 9.7 (NA) 1,268 (NA) 2.29 97 (NA)
West Auburn  53.8 3 31.3 (3.1) 8,097(6,552-9,641) 1.92 290 (234-345)
East Auburn   46.9 3 36.6 (12.6) 8,237 (2,761-13,712) 1.84 323 (108-538)
Turbid 16.2 2 29.4 (2.1) 2,290 (1,983-2,597) 3.09 436 (378-495)
Wassermann 66.0 4 38.4 (5.2) 12,141 (8,956-15,326) 3.01 555 (409-700)
Piersons   120.1 5 3.6 (0.7) 2,400 (1,661-3,140) 3.33 66 (46-87)
Steiger 67.1 4 9.5 (3.3) 3,214 (1,175-5,254) 3.24 155 (57-254)
Sunny   19.4 1 2.8 (NA) 314 (NA) 2.61 42 (NA)
Zumbra   89.4 4 8.7 (1.8) 3,931 (2,472-5,390) 2.46 108 (68-148)
Stone 39.3 1 4.4 (NA) 924 (NA) 4.40 104 (NA)
Kelzer's 8.0 1 2.5 (NA) 118 (NA) 4.77 70 (NA)
All Six Mile 965.2 47 132,721 3.01 414
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Table 3. Summary of radio-tagged common carp movement patterns across the Six Mile 
Creek sub-watershed over the 2 year study period. Year 1 is from November 2014 to 
October 2015 and Year 2 is from November 2015 to October 2016.  Movement rates (% 
living radio-tagged carp that moved from where they were originally tagged [origin] to 
any other location [destination]) are shown for each year, each movement path, and both 
directions. The average annual movement rates are reported here and are shown for each 
movement path on a map in Figure 30. 
 
  
Movement Path: origin to destination
↔:  moved there and back
→:  Move there & stayed or died Year 1 Year 2 Annual Avg.
Wassermann ↔ East Auburn 7% 27% 17% left May-June, returned July-Sept
Wassermann ↔ South Lundsten 0% 9% 5% left June, was most of the way back in Oct 2016
Auburns/Lundstens ↔ Wassermann 0% 0% 0%
East Auburn ↔ West Auburn 63% 88% 75% Throughout open water season
West Auburn ↔ East Auburn 57% 86% 71% Throughout open water season
Auburns ↔  Lundstens 27% 33% 30% left May-June, returned June-July
Auburns →  Lundstens 0% 27% 13% left May-June, died in June-Aug
Lundstens ↔ Auburns 0% 0% 0%
North Lundsten ↔ South Lundsten 25% 67% 46% left May, returned June
South Lundsten ↔ North Lundsten 20% 0% 10% left Nov, returned May
Parley ↔ Mud 73% 56% 64% Throughout open water season
Parley → Mud 13% 11% 12% Throughout open water season
Mud ↔ Parley 100% 62% 81% Left Dec, returned April-June
Mud → Parley 0% 8% 4% Left Nov, stayed in Parley
Parley/Mud ↔ Halsted 13% 32% 23% Left May-June, returned July-Oct
Parley/Mud → Halsted 23% 18% 21% Left June-August
Hasted↔ Parley/Mud 33% 50% 42% Left May-June, returned July-Oct
Hasted → Parley/Mud 13% 0% 7% Left May-June
Parley/Mud/Halsted's ↔ Greater Minnetonka 11% 21% 16% Year-round
Parley/Mud/Halsted's → Greater Minnetonka 9% 3% 6% Year-round
% radio-tagged carp that moved
Timing
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Table 4. Summary of winter aggregation occurrence and timing in the Six Mile Creek 
study lakes from November 2014 through March 2016. An aggregation is defined as 
when at least 50% of radio-tagged carp were confined to an area of less than 10 hectares. 
Note that radio-tags were implanted in four additional lakes in spring of 2015. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Location Year November December January February March
Halsted's Bay 2014-15 x
2015-16 x x
Mud 2014-15
2015-16
Parley 2014-15 x x x x
2015-16 x x x
N. Lundsten 2014-15 NA NA NA NA NA
2015-16 x x x x
S. Lundsten 2014-15 NA NA NA NA NA
2015-16 x x x x x
W. Auburn 2014-15 x x
2015-16 x x
E. Auburn 2014-15 x x x x x
2015-16 x x x
Zumbra 2014-15 x x x
2015-16 x x
Sunny 2014-15 NA NA NA NA NA
2015-16 x x x x
Steiger 2014-15
2015-16
Wassermann 2014-15 x x x
2015-16 x x x x
Turbid 2014-15 NA NA NA NA NA
2015-16 x x x x
Piersons 2014-15 x x x x x
2015-16 x x
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Table 5. Catch rates of young-of-year (YOY) and Age-1 carp from standardized trap-net 
surveys conducted in the Six Mile Creek sub-watershed. Asterisks (*) denote catch rates 
from gill net surveys. NS denotes locations that were not sampled that year. 
 
  
Location
2014 2015 2016 2014 2015 2016
Halsted's Bay NS 0.0 0.0 NS 0.0 0.0
Mud 0.2 0.0 0.0 0.0 0.0 0.0
Parley 0.0 0.0 0.0 0.0 0.0 0.0
Crown College 1.0 332.3 0.0 0.0 0.0 2.3
Big SOB 19.8 0.0 0.0 0.0 1.8 0.0
Yetzer's Pond 0.0 NS NS 0.0 NS NS
N. Lundsten 0.0 3.2 0.0 0.0 0.0 0.0
S. Lundsten 0.0 311.2 0.0 0.0 0.0 0.4
Turbid 0.0 0.0 0.0 0.0 0.0 0.0
Lake #2 0.0 NS NS 0.0 NS NS
W. Auburn 0.0 0.0 0.0 0.0 0.0 0.0
E. Auburn 0.0 0.0 0.0 0.0 0.0 0.0
Shady Pond 0.0 0.0 0.0 0.7 0.0 0.0
Sunny 0.0 0.0 0.0 0.0 0.0 0.0
Zumbra 0.0 0.0 0.0 0.0 0.0 0.0
Stone 0.0 0.0 0.0 0.0 0.0 0.0
Steiger 0.0 0.0 0.0 0.0 0.0 0.0
Kelzer's 0.0 0.0 0.0 0.0 0.0 0.0
Church NS 0.0 0.0 NS 0.0 0.0
Carl Krey 0.0 0.0 0.0   2.0* 0.0 0.0
Wassermann 0.0 0.2 0.0 0.0 0.0 0.0
Wassermann Pond W. NS 0.0 0.0 NS 0.3 0.0
Marsh 0.0 0.0 0.0 0.0 0.0 0.0
Piersons 0.0 0.0 0.0 0.0 0.0 0.0
YOY carp catch rate (#/net) Age-1 carp catch rate (#/net)
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Table 6. Catch rates (#/net) of bluegill sunfish from standardized annual fall trap-net 
surveys conducted in the Six Mile Creek sub-watershed from 2014 to 2016. Asterisks (*) 
denote catch rates from gill net surveys. NS denotes locations that were not sampled that 
year. 
  
Location
2014 2015 2016
Halsted's Bay NS 122.0 94.2
Mud 84.0 32.8 132.8
Parley 19.2 38.4 25.0
Crown College 0.6 1.3 22.0
Big SOB 32.6 52.0 107.6
Yetzer's Pond 0.0 NS NS
N. Lundsten 38.0 113.2 109.0
S. Lundsten 17.4 34.2 68.8
Turbid 32.8 81.4 47.6
Lake #2 0.0 NS NS
W. Auburn 29.4 203.0 66.2
E. Auburn 55.2 74.2 122.8
Shady Pond 6.9 0.0 0.0
Sunny 38.0 45.6 59.6
Zumbra 12.7 128.6 55.8
Stone 0.0 0.0 0.0
Steiger 20.6 90.5 98.2
Kelzer's 23.2 75.7 103.3
Church NS 0.0 0.0
Carl Krey 15.0* 98.2 101.3
Wassermann 12.5 96.0 67.5
Wassermann Pond W. NS 0.0 0.2
Marsh 131.4 113.5 108.6
Piersons 24.0 102.0 54.8
Bluegill Catch Rate  (# /trapnet)
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Table 7. Dissolved oxygen maxima (mg/L) measured by Minnehaha Creek Watershed 
District staff in select study sites in the Six Mile Creek sub-watershed. Measurements 
were taken in late February just beneath the ice surface at approximately the deepest 
point in the waterbody. “NS” denotes locations that were not sampled that year; “Frozen” 
denotes locations that were frozen solid to the bottom.
      
Location 
Dissolved oxygen (mg/L) 
2015 2016 
Marsh 12.9 9.4 
Turbid 5.7 NS 
Carl Krey 9.9 8.9 
Crown College Frozen 1.9 
Mud 6.1 9.4 
South Lundsten 1.5 10.0 
North Lundsten 1.6 NS 
Sunny 0.9 NS 
Shady 0.8 NS 
Wassermann Pond West 1.3 3.8 
Kelzer's 7.2 NS 
Church 1.6 NS 
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Table 8. An overview of possible barrier options to deter the movements of fishes. The 
upper panel is a summary of non-physical barriers from table 1 in Noatch & Suski 
(2012). The lower panel is a summary of physical barriers generated for this report.  
 
 
 
 
 
 
Barrier Deployment conditions Advantages Disadvantages 
Fence or 
screen 
Low discharge & 
minimal debris 
Can be highly 
effective, cost 
effective 
Requires regular 
cleaning, not species-
specific 
Vertical 
drop/dam 
Sufficient vertical relief Can be highly 
effective 
Only deters upstream 
movement, may 
require major 
modification to 
channel, not species-
specific 
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Table 9. Common carp abundance and biomass for all Six Mile Creek Lakes combined 
and broken down by management unit. Also included is the number and percent of carp 
required to be removed in order to meet the 100 kg/ha biomass threshold. 
 
Management Unit
Surface 
area (ha)
Total carp 
abundance
Mean carp 
weight (kg)
Mean carp 
biomass 
(kg/ha)
# Carp removal 
required to 
achieve 100 kg/ha
% carp removal 
required to 
achieve 100 kg/ha
All Six Mile Creek Study Lakes 965.2 130,459 3.63 491 103,869 80%
Piersons-Wassermann 186.0 13,611 3.38 247 8,107 60%
Auburn-Lundsten-Turbid 190.6 20,802 2.62 286 13,527 65%
Parley-Mud-Halsted 365.4 85,759 4.18 981 77,014 90%
Carver Park Reserve Lakes 215.2 10,247 3.79 180 4,568 45%
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Figure 2. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
November 2014. Individuals are labeled with unique identification numbers (white).  
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Figure 3. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
December 2014. Individuals are labeled with unique identification numbers (white).  
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Figure 4. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
January 2015. Individuals are labeled with unique identification numbers (white).  
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Figure 5. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
February 2015. Individuals are labeled with unique identification numbers (white).  
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Figure 6. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
March 2015. Individuals are labeled with unique identification numbers (white).  
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Figure 7. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
early April 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 8. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
late April 2015. Individuals are labeled with unique identification numbers (white).   
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Figure 9. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed in 
early May 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 10. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in late May 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 11. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in early June 2015. Individuals are labeled with unique identification numbers (white). 
 
  144 
Figure 12. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in late June 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 13. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in July 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 14. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in August 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 15. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in September 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 16. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in October 2015. Individuals are labeled with unique identification numbers (white). 
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Figure 17. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in November 2015. Individuals are labeled with unique identification numbers (white).  
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Figure 18. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in December 2015. Individuals are labeled with unique identification numbers (white).  
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Figure 19. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in January 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 20. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in February 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 21. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in March 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 22. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in April 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 23. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in early May 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 24. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in late May 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 25. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in June 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 26. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in July 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 27. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in August 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 28. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in September 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 29. Locations of radio-tagged common carp in the Six Mile Creek Sub-watershed 
in October 2016. Individuals are labeled with unique identification numbers (white). 
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Figure 30. Summary of radio-tagged common carp movement patterns across the Six 
Mile Creek sub-watershed from November 2014 through October 2016. Mean annual 
movement rates (% living radio-tagged carp that moved from origin to destination) are 
shown for each movement path indicated by a red arrow. An “X” indicates lakes with 
radio-tagged carp where no carp movement was observed during the study period. A 
detailed breakdown of movement rates and timing by year can be found in Table 3.  
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Figure 31.  The age structure of common carp (n=378) across the Six Mile Creek Sub-
watershed. Common carp were sampled from Halsted’s Bay (n=51), Mud Lake (n=51), 
and Parley Lake (n=51) in 2014, North Lundsten Lake (n=31), West Auburn Lake 
(n=28), East Auburn Lake (n=28), Wassermann Lake (n=37), and Piersons Lake (n=34) 
in 2015, and Turbid Lake (n=24), Steiger Lake (n=15), and Zumbra Lake (n=28) in 2016. 
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Figure 32. The age structures of common carp sampled across the Six Mile Creek Sub-
watershed shown individually by lake. Sample sizes are shown parenthetically. 
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Figure 33.  The age structures of common carp sampled across the Six Mile Creek Sub-
watershed shown by sub-population: 1) Piersons & Wassermann, 2) Auburn, Lundsten, & 
Turbid, 3) Parley, Mud, & Halsted’s Bay, and 4) Zumbra & Steiger. Sample sizes are 
indicated parenthetically.  
 
 
1) 
2) 
3) 
4) 
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Figure 34. The age structure of common carp sampled in the Six Mile Creek sub-
watershed in the southwestern twin cities metropolitan area from 2014-2016 (n=378) 
compared with that of common carp sampled in the Phalen Chain sub-watershed in the 
northeastern twin cities metropolitan area from 2011-2013 (n=127). The shaded 
rectangles highlight the similarities in year class strength between the two isolated 
systems.  
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Figure 35. Parley Lake surface water elevation from April 1981 through November 2015. 
The average surface water elevation for this time period (929 feet) is shown by the 
dashed line. Note the extended periods of low water prior to 1991 and 2001. Source: MN 
DNR; http://www.dnr.state.mn.us/lakefind/showlevel.html?downum=10004200 
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Figure 36. A photograph of the barrier in place at the Zumbra Lake outlet to Sunny Lake 
in the Carver Park Reserve. Lake levels were observed overtopping this barrier in August 
of 2016.
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Appendix 2: Microchemical data 
 Detailed results of statistical tests performed in chapter 2, a comparison of 
discriminate analysis models evaluated, and results of discriminate analyses of juvenile 
otolith core values and juvenile and adult carp otolith edges with a reduced number of 
parameters based on elements found significant in juvenile carp otoliths are available in 
this appendix.  
 
Detailed results of statistical tests performed:  
Information on ICP-MS limits of detection (LODs) (Table A2.1-2), detailed 
results of supporting parametric ANOVA, Kruskal-Wallis ANOVA, T-Tests, and post 
hoc Tukey’s HSD results (Tables A2.3-21) are available in this appendix. 
 
Discriminate analysis model selection: 
Additional classification analysis was conducted beyond what is presented in 
Chapter 2 to further validate and assess the appropriate discriminatory classification 
analysis of otolith microchemistry in carp and are also available in this appendix (Tables 
A2.22-24). Mercier et al. [66] reviewed selecting optimal statistical models and variable 
combinations for otolith classification analysis and strongly advised an evaluation based 
on multiple techniques and critical selection of variables applied. Heeding their advice, 
K-nearest neighbor algorithm (KNN) was also applied to LA-ICP-MS data for a 
comparison to QDA results. The K-nearest neighbor was also performed with a K=2, 
trained with 80% of the data, and tested with the remaining 20% of the data. While QDA 
allows for heterogeneous variance within sample groups it still assumes that data is 
multivariate normal. KNN does not require any parametric assumptions of equal variance 
or normality. Results for the KNN were generally like those of the QDA further 
supporting conclusions of preliminary examination that the LA-ICP-MS data is 
multivariate normal after natural log transformation as higher accuracies would likely be 
associated with KNN if violations in QDA assumptions were present. 
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Juvenile otolith core discriminate analysis: 
In addition, classification analysis of juvenile carp core values was conducted to 
assess if both otolith core and edge values can be used to discriminate individual 
nurseries.  To determine whether otoliths microchemical signatures can be used to 
discriminate between sites of natal origin, univariate analysis of age-0 and Age-1 carp 
otolith core samples showed similar results to the juvenile carp edge samples in that Ba, 
Fe, Li, Mn, and P were different between at least one site (Figure A2.1; A2.25 & A2.26). 
MANOVA of juvenile carp otolith core parameters significantly different between sites, 
incorporating Ba, Fe, Li, Mn, and P, showed the three juvenile collection locations in the 
SMC had signiﬁcantly different otolith core chemical signatures (Pillai’s Trace Statistic = 
1.0129, F = 10.876, df = 2, 56, P<0.0001). Like the edge values, juvenile carp from S. 
Lundsten Lake had significantly higher Mn: Ca composition in the core of their otoliths 
compared to the other juvenile sites (Figure A2.1). Like the edge results, juvenile carp 
from N. Lundsten Lake had significantly lower Fe: Ca and significantly higher P: Ca 
composition in the core of their otoliths compared to the other juvenile sties (Figure 
A2.1). Like the otolith edge results, juvenile carp from Crown Pond had significantly 
lower Ba: Ca and Li: Ca composition in the core of their otoliths compared to the other 
two juvenile sites (Figure A2.1). Stepwise variable selection did not eliminate any 
variables from multivariate classification analysis of juvenile carp otolith cores. 
Multivariate QDA and KNN classification analysis of juvenile carp otolith cores resulted 
in an overall accuracy of 80% and 75% respectively (Tables A2.25-26). Accuracy of the 
QDA on juvenile cores was similar between the three nursery sites, ranging from 77.7-
80% for juvenile carp (A2.25). Accuracy of the KNN was variable depending up the 
nursery site, ranging from 60-100% for juvenile carp (A2.26). In comparison to the same 
analysis on juvenile otolith edges the accuracy of the QDA increased slightly while the 
accuracy of the KNN classification decreased slightly.   
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All otolith edge samples classification analysis with juvenile variables: 
To determine whether otoliths micro chemical signatures of all carp can be used to 
discriminate between capture sites based on only the elements that showed significant 
differences in juvenile carp. A reduced number of elemental parameters were 
significantly different between juvenile carp otolith edge values compared to all carp 
samples, thus QDA and KNN multivariate classification analysis was run again on all 
carp otoliths edges with this reduced set of variables (Ba, Fe, Li, Mn, and P) to evaluate 
the accuracy of classifying adults based on elemental relationships that were successful 
for the juvenile carp. These QDA and KNN resulted in an overall accuracy of 53% and 
36% respectively (Tables A2.27-28). Accuracy of the QDA on all carp otolith edges with 
only parameters from the juvenile carp model ranged from 27-70% by location (Table 
A2.27). Accuracy of the KNN on all carp otolith edges with only parameters from the 
juvenile carp model ranged from 0-66.66% by location (Table A2.28). The overall 
accuracy of these models was lower than that of the models run with the larger set of 
variables but resulted in higher accuracy classification for some locations. Both models 
improved on classification accuracy of carp from Turbid and W. Auburn while 
decreasing in accuracy at other locations. 
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Table A2.1. Limit of Detection (LOD) for water ICP-MS. 
 
  
Attribute Al Ba Ca Cu Fe K Li Mg Mn Na P S Sr
Mean LOD (ppb) 0.6 0.06 23.667 0.030 0.30 2.0 0.30 9.33 0.087 30.0 0.80 5.0 0.433
Range LOD (ppb) 0.6-0.6 0.04-0.1 13.0-45.0 0.03-0.03 0.3-0.3 2.0-2.0 0.3-0.3 20.0-4.0 0.06-0.1 30.0-30.0 0.8-0.8 5.0-5.0 0.4-0.5
Readings > LOD (%) 98.1 100 100 77.36 100 100 100 100 100 100 100 100 100
  173 
Table A2.2. Limit of Detection (LOD) for otolith LA-ICP-MS. 
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Table A2.3.  Results from one-way ANOVAs of natural log transformed elemental 
parameters in water among sites that demonstrated equal variance within groups.  
 
  
Element:Ca (mmol/mol) P-value F-statistic Df1 Df2
Al:Ca 0.7178 0.7126 12 13
Ba:Ca 1.49E-10 13.5703 12 40
Cu:Ca 2.27E-08 35.5083 12 14
Fe:Ca 9.52E-10 69.1637 12 13
K:Ca 6.30E-06 6.1026 12 40
Li:Ca 1.25E-11 107.3828 12 14
Mg:Ca 3.31E-08 9.3090 12 40
Mn:Ca 3.58E-06 6.4119 12 40
Na:Ca 2.34E-25 93.7249 12 40
P:Ca 5.49E-05 11.2864 12 13
S:Ca 2.40E-11 123.2207 12 13
Sr:Ca 1.30E-11 15.8890 12 40
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Table A2.4. Results Student’s T-Test of water element ratios to calcium between habitat 
types for the parameters that demonstrated equal variance groups. 
 
  
Element:Ca (mmol/mol) P-value T-Statistic Df
Cu:Ca 0.4564 -0.7565 25
S:Ca 0.0074 -2.9229 24
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Table A2.5. Results Welch’s T-Test of elemental parameters in water between habitat 
types for the parameters that demonstrated unequal variance between groups. 
  
  
Element:Ca (mmol/mol) P-value T-Statistic Df
Al:Ca 0.6003 0.5390 11.3650
Ba:Ca 0.9830 0.0215 21.8752
Fe:Ca 0.0010 4.7501 9.3028
K:Ca 0.0003 -4.3205 22.2080
Li:Ca 0.8826 0.1508 11.9445
Mg:Ca 0.6274 -0.4915 24.7406
Mn:Ca 0.0055 3.0755 22.3837
Na:Ca 0.0051 -3.0694 25.2223
P:Ca 0.0934 1.8204 12.1684
Sr:Ca 0.1607 -1.4428 26.6114
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Table A2.6. Results from one-way ANOVA of natural log transformed of all samples 
otolith edge elemental parameters that demonstrated equal variance between groups. 
 
  
Element:Ca (umol/mol) P-value F-statistic Df1 Df2
Al:Ca 5.00E-05 4.923647745 7 149
K:Ca 5.86E-08 7.72658411 7 149
Li:Ca 9.60E-20 21.33586511 7 149
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Table A2.7.  Results from one-way Kruskal-Wallis ANOVA of natural log transformed 
of all sample otolith edge elemental parameters that demonstrated unequal variance 
between groups 
 
 
 
 
 
 
  
Element:Ca (umol/mol) P-value Chi
2
Df
Ba:Ca 3.53E-09 53.1101 7
Cu:Ca 0.000139 29.0911 7
Mg:Ca 0.0081 19.0385 7
Mn:Ca 0.3347 7.9762 7
Fe:Ca 1.85E-06 39.1269 7
Na:Ca 1.25E-14 80.2138 7
P:Ca 1.77E-11 64.6518 7
Sr:Ca 1.46E-10 60.0715 7
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Table A2.8.  Welch’s t-test of all natural log transformed otolith edge between habitat 
types. For elemental parameters with unequal variance between groups.
 
  
Element:Ca (umol/mol) P-value T-Statistic Df
Cu:Ca 0.0142 2.4802 152.7197
Fe:Ca 0.0110 -2.5960 90.2947
Li:Ca 1.75E-19 10.4495 147.8483
Mg:Ca 0.0503 1.9957 62.3908
Mn:Ca 0.1672 1.3930 87.0168
P:Ca 6.97E-06 -4.6667 143.1300
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Table A2.9. Students’ t-test of all natural log transformed otolith edge samples among 
site types. For elemental parameters with equal variance between groups.
  
  
Element:Ca (umol/mol) P-value T-Statistic Df
Al:Ca 0.0260 2.2481 155
Ba:Ca 2.84E-05 4.3145 155
K:Ca 0.0003 3.7369 155
Na:Ca 9.93E-09 6.0601 155
Sr:Ca 5.96E-08 5.6973 155
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Table A2.10.  Results from one-way ANOVA of natural log transformed juvenile carp 
otolith edge sample elemental parameters that demonstrated equal variance within 
groups. 
 
  
Element:Ca (umol/mol) P-value F-statistic Df1 Df2
Sr:Ca 0.4846 0.7340 2 56
Mg:Ca 0.7065 0.3496 2 56
Al:Ca 0.9451 0.0565 2 56
Ba:Ca 0.0037 6.1923 2 56
Cu:Ca 0.3701 1.0119 2 56
K:Ca 0.7022 0.3558 2 56
Li:Ca 3.61E-05 12.3495 2 56
Na:Ca 0.9242 0.0789 2 56
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Table A2.11. Results from one-way Kruskal-Wallis of natural log transformed juvenile 
carp otolith edge sample elemental parameters that demonstrated unequal variance within 
groups. 
 
 
  
Element:Ca (umol/mol) P-value Chi
2
Df
Mn:Ca 0.0004 15.74577778 2
Fe:Ca 0.0020 12.46589831 2
P:Ca 1.59E-06 26.70894162 2
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Table A2.12. Results from one-way ANOVA of natural log transformed juvenile carp 
otolith core sample elemental parameters that demonstrated equal variance within groups. 
 
  
Element:Ca (umol/mol) P-value F-statistic Df1 Df2
Sr:Ca 0.5653 0.5762 2 56
Mg:Ca 0.4599 0.7875 2 56
Al:Ca 0.6675 0.4071 2 56
Ba:Ca 0.0013 7.5344 2 56
Cu:Ca 0.3190 1.1661 2 56
K:Ca 0.6778 0.3915 2 56
Li:Ca 1.95E-05 13.2484 2 56
Na:Ca 0.9313 0.0713 2 56
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Table A2.13. Results from one-way Kruskal-Wallis ANOVA of natural log transformed 
juvenile carp otolith core sample elemental parameters that demonstrated unequal 
variance within groups. 
 
  
Element:Ca (umol/mol) P-value Chi
2
Df
Mn:Ca 0.0003 16.1626 2
Fe:Ca 0.0021 12.3414 2
P:Ca 6.61E-07 28.4597 2
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Table A2.14. Results of paired T-Test of crown pond Age-1 carp edge and core 
elemental parameters. 
   
  
Element:Ca (umol/mol) P-value T-statistic Df1 Df2
Al:Ca 0.3032 -1.1112 7 1
Ba:Ca 0.7559 0.3233 7 1
Cu:Ca 0.5364 0.6500 7 1
Fe:Ca 0.9824 0.0228 7 1
K:Ca 0.1195 1.7729 7 1
Li:Ca 0.3544 0.9915 7 1
Mg:Ca 0.1388 1.6702 7 1
Mn:Ca 0.0214 2.9516 7 1
Na:Ca 0.4582 0.7850 7 1
P:Ca 0.0214 2.9513 7 1
Sr:Ca 0.6480 -0.4769 7 1
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Table A2.15. Results of paired T-test of turbid lake carp edge and core elemental 
parameters. 
  
  
Element:Ca (umol/mol) P-value T-statistic Df1 Df2
Al:Ca 0.0037 -3.7623 10 1
Ba:Ca 2.00E-08 -15.8922 10 1
Cu:Ca 0.0026 -3.9781 10 1
Fe:Ca 0.4228 -0.8358 10 1
K:Ca 0.0169 -2.8636 10 1
Li:Ca 1.56E-05 -7.7474 10 1
Mg:Ca 3.30E-07 11.8444 10 1
Mn:Ca 0.2284 1.2832 10 1
Na:Ca 1.02E-07 -13.4117 10 1
P:Ca 4.30E-05 6.8804 10 1
Sr:Ca 6.18E-11 -28.6801 10 1
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Table A2.16. Results of barium (Ba) two-way ANOVA and post hoc Tukey’s HSD for 
multiple comparisons of interaction effect of site and year sampled on concentration.   
 
  
Water body Year Mean Ba : Ca (mmol/mol) Tukey's HSD (α =0.05)
Carl Krey 2015 0.1936 d
Carl Krey 2016 0.2040 d
Crown 2015 0.4204 abc
Crown 2016 0.3214 c
E.Auburn 2015 0.3894 abc
E.Auburn 2016 0.3794 abc
Halsted 2015 0.3724 abc
Halsted 2016 0.4119 abc
Marsh 2015 0.4670 a
Marsh 2016 0.3933 abc
Mud 2015 0.3763 abc
Mud 2016 0.3766 abc
N.Lundsten 2015 0.3533 abc
N.Lundsten 2016 0.4057 abc
Parley 2015 0.3267 c
Parley 2016 0.3059 cd
Piersons 2015 0.3774 abc
Piersons 2016 0.3886 abc
S.Lundsten 2015 0.4480 ab
S.Lundsten 2016 0.4497 ab
Turbid 2015 0.3762 abc
Turbid 2016 0.3957 abc
W.Auburn 2015 0.3560 abc
W.Auburn 2016 0.3500 bc
Wassermann 2015 0.3806 abc
Wassermann 2016 0.3421 bc
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Table A2.17. Results of potassium (K) two-way ANOVA and post hoc Tukey’s HSD for 
multiple comparisons of interaction effect of site and year sampled on concentration. 
 
  
Water body Year Mean K : Ca (mmol/mol) Tukey's HSD (α =0.05)
Carl Krey 2015 4.6886 cdef
Carl Krey 2016 4.0478 g
Crown 2015 5.1576 ab
Crown 2016 4.4420 fg
E.Auburn 2015 4.9789 abc
E.Auburn 2016 4.9902 abc
Halsted 2015 5.0150 abc
Halsted 2016 5.0520 abc
Marsh 2015 4.5493 ef
Marsh 2016 4.5596 def
Mud 2015 4.9952 abc
Mud 2016 5.2103 a
N.Lundsten 2015 4.9395 abcde
N.Lundsten 2016 4.9478 abcd
Parley 2015 4.8507 abcde
Parley 2016 5.0281 abc
Piersons 2015 5.0690 abc
Piersons 2016 5.1450 ab
S.Lundsten 2015 5.0242 abc
S.Lundsten 2016 4.7663 bcdef
Turbid 2015 5.0774 abc
Turbid 2016 5.2400 a
W.Auburn 2015 4.9520 abcd
W.Auburn 2016 5.0564 abc
Wassermann 2015 5.0565 abc
Wassermann 2016 5.1564 ab
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Table A2.18. Results of magnesium (Mg) two-way ANOVA and post hoc Tukey’s HSD 
for multiple comparisons of interaction effect of site and year sampled on concentration. 
 
  
Water body Year Mean Mg : Ca (mmol/mol) Tukey's HSD (α =0.05)
Carl Krey 2015 6.4927 g
Carl Krey 2016 6.5389 fg
Crown 2015 7.2633 a
Crown 2016 6.9591 bcd
E.Auburn 2015 6.7296 ef
E.Auburn 2016 6.7940 cde
Halsted 2015 6.8917 bcde
Halsted 2016 6.9956 bc
Marsh 2015 6.8038 cde
Marsh 2016 6.8177 cde
Mud 2015 6.8065 cde
Mud 2016 6.9152 bcde
N.Lundsten 2015 6.7372 def
N.Lundsten 2016 6.8358 bcde
Parley 2015 6.7235 ef
Parley 2016 6.8478 bcde
Piersons 2015 6.8067 cde
Piersons 2016 6.8523 bcde
S.Lundsten 2015 6.8051 cde
S.Lundsten 2016 6.8851 bcde
Turbid 2015 6.8094 cde
Turbid 2016 7.0469 ab
W.Auburn 2015 6.7580 def
W.Auburn 2016 6.8036 cde
Wassermann 2015 6.7622 de
Wassermann 2016 6.8574 bcde
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Table A2.19. Results of manganese (Mn) two-way ANOVA and post hoc Tukey’s HSD 
for multiple comparisons of interaction effect of site and year sampled on concentration. 
 
  
Water body Year Mean Mn : Ca (mmol/mol) Tukey's HSD (α =0.05)
Carl Krey 2015 0.1393 d
Carl Krey 2016 0.0975 d
Crown 2015 1.7005 a
Crown 2016 0.2857 cd
E.Auburn 2015 0.3291 cd
E.Auburn 2016 0.0592 d
Halsted 2015 0.0914 d
Halsted 2016 0.2085 cd
Marsh 2015 1.5385 ab
Marsh 2016 0.8998 bc
Mud 2015 0.3179 cd
Mud 2016 0.3192 cd
N.Lundsten 2015 0.1764 cd
N.Lundsten 2016 0.2100 cd
Parley 2015 0.0758 d
Parley 2016 0.1350 d
Piersons 2015 0.0532 d
Piersons 2016 0.0220 d
S.Lundsten 2015 0.4768 cd
S.Lundsten 2016 0.5604 cd
Turbid 2015 0.6580 cd
Turbid 2016 0.4034 cd
W.Auburn 2015 0.0461 d
W.Auburn 2016 0.0484 d
Wassermann 2015 0.0922 d
Wassermann 2016 0.2390 cd
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Table A2.20. Results of sodium (Na) two-way ANOVA and post hoc Tukey’s HSD for 
multiple comparisons of interaction effect of site and year sampled on concentration. 
 
  
Water body Year Mean Na : Ca (mmol/mol) Tukey's HSD (α =0.05)
Carl Krey 2015 5.1736 j
Carl Krey 2016 4.9877 j
Crown 2015 6.4027 defghi
Crown 2016 6.2581 fghi
E.Auburn 2015 6.7678 abc
E.Auburn 2016 6.8924 a
Halsted 2015 6.7967 ab
Halsted 2016 6.9216 a
Marsh 2015 6.1231 hi
Marsh 2016 6.2682 fghi
Mud 2015 6.6426 abcd
Mud 2016 6.6740 abcd
N.Lundsten 2015 6.6255 abcde
N.Lundsten 2016 6.7525 abc
Parley 2015 6.5776 abcdef
Parley 2016 6.6909 abcd
Piersons 2015 6.2669 fghi
Piersons 2016 6.2884 efghi
S.Lundsten 2015 6.4599 cdefg
S.Lundsten 2016 6.5147 bcdefg
Turbid 2015 6.1059 i
Turbid 2016 6.1986 ghi
W.Auburn 2015 6.7119 abcd
W.Auburn 2016 6.8867 a
Wassermann 2015 6.4560 cdefgh
Wassermann 2016 6.4498 cdefghi
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Table A2.21. Results of strontium (Sr) two-way ANOVA and post hoc Tukey’s HSD for 
multiple comparisons of interaction effect of site and year sampled on concentration. 
 
  
Water body Year Mean Sr : Ca (mmol/mol) Tukey's HSD (α =0.05)
Carl Krey 2015 0.6273 g
Carl Krey 2016 0.6092 g
Crown 2015 1.1368 a
Crown 2016 0.8888 bcdef
E.Auburn 2015 0.8452 def
E.Auburn 2016 0.8602 cdef
Halsted 2015 1.0121 ab
Halsted 2016 0.9740 bcd
Marsh 2015 0.8027 ef
Marsh 2016 0.7450 fg
Mud 2015 0.9956 abc
Mud 2016 0.9769 bcd
N.Lundsten 2015 0.7828 ef
N.Lundsten 2016 0.8736 bcdef
Parley 2015 0.8353 def
Parley 2016 0.8161 ef
Piersons 2015 0.8202 ef
Piersons 2016 0.7848 ef
S.Lundsten 2015 0.8987 bcde
S.Lundsten 2016 0.9209 bcde
Turbid 2015 0.9076 bcde
Turbid 2016 0.9684 bcd
W.Auburn 2015 0.8166 ef
W.Auburn 2016 0.8448 def
Wassermann 2015 0.8355 def
Wassermann 2016 0.8414 def
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Table A2.22. KNN classification accuracy by capture site based on otolith edge samples 
of adult and juvenile carp. 
 
  
Crown N.Lundsten Parley Piersons S.Lundsten Turbid W.Auburn Wassermann % Correct Prior probability (%)
Crown 5 2 0 0 0 2 0 1 0 40 16.13
N.Lundsten 5 0 2 0 1 0 1 1 0 40 16.13
Parley 2 0 0 1 0 1 0 0 0 50 6.45
Piersons 3 0 0 0 2 0 0 0 1 66.67 9.68
S.Lundsten 8 1 0 0 0 6 1 0 0 75 25.81
Turbid 2 0 0 0 0 0 0 0 2 0 6.45
W.Auburn 3 0 1 0 1 0 0 1 0 33.33 9.68
Wassermann 3 0 1 0 1 0 0 0 1 33.33 9.68
Capture site n Predicted classification
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Table A2.23. KNN classification accuracy by capture habitat type based on otolith edge 
samples of adult and juvenile carp.  
 
 
 
 
 
 
  
Capture site type n
Adult Nursery % Correct Prior Probabily (%)
Non-nursery 11 8 3 72.73 35.48
Nursery 20 1 19 95 64.52
Predicted Classificaiton
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Table A2.24. KNN classification accuracy by capture site based on otolith edge samples 
of juvenile carp.
 
  
Capture site n
Crown N.Lundsten S.Lundsten % Correct Prior probability (%)
Crown 5 4 0 1 80 41.67
N.Lundsten 2 0 2 0 100 16.67
S.Lundsten 5 1 0 4 80 41.67
Predicted classification
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Table A2.25. QDA classification accuracy by capture site based on otolith core samples 
of juvenile carp.
 
  
Capture site n
Crown N.Lundsten S.Lundsten % Correct Prior probability (%)
Crown 25 20 0 5 80 42.37
N.Lundsten 9 0 7 2 77.78 15.25
S.Lundsten 25 4 1 20 80 42.37
Predicted classification
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Table A2.26. KNN classification accuracy by capture site based on otolith core samples 
of juvenile carp.
 
  
Capture site n
Crown N.Lundsten S.Lundsten % Correct Prior probability (%)
Crown 5 4 0 1 80 41.67
N.Lundsten 2 0 2 0 100 16.67
S.Lundsten 5 2 0 3 60 41.67
Predicted classification
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Table A2.27. QDA classification accuracy by capture site based on otolith edge samples 
of adult and juvenile carp with juvenile model parameters (Ba, Fe, Li, Mn, and P).  
  
Crown N.Lundsten Parley Piersons S.Lundsten Turbid W.Auburn Wassermann % Correct Prior probability (%)
Crown 25 15 1 1 0 8 0 0 0 60 15.92
N.Lundsten 24 1 9 0 8 2 2 0 2 37.5 15.29
Parley 11 0 0 4 3 2 0 1 1 36.36 7.01
Piersons 15 0 4 1 7 1 0 1 1 46.67 9.55
S.Lundsten 40 8 1 0 2 28 1 0 0 70 25.48
Turbid 11 0 0 0 0 3 7 1 0 63.64 7.01
W.Auburn 16 0 0 1 5 0 0 9 1 56.25 10.19
Wassermann 15 0 1 0 8 1 0 1 4 26.67 9.55
Capture site n Predicted classification
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Table A2.28. KNN classification accuracy by capture site based on otolith edge samples 
of adult and juvenile carp samples with juvenile model parameters (Ba, Fe, Li, Mn, and 
P).  
  
Crown N.Lundsten Parley Piersons S.Lundsten Turbid W.Auburn Wassermann % Correct Prior probability (%)
Crown 5 2 0 0 0 2 0 1 0 40 16.13
N.Lundsten 5 0 2 0 2 0 1 0 0 40 16.13
Parley 2 0 0 0 0 0 1 0 1 0 6.45
Piersons 3 0 1 0 0 0 0 1 1 0 9.68
S.Lundsten 8 3 0 0 0 3 2 0 0 37.5 25.81
Turbid 2 0 0 0 0 1 1 0 0 50 6.45
W.Auburn 3 0 0 0 0 1 0 2 0 66.67 9.68
Wassermann 3 1 0 0 1 0 0 0 1 33.33 9.68
Capture site n Predicted classification
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Appendix 3: Genetics variation across 12 microsatellite markers 
 This appendix contains information related to results presented in chapter three. 
Detailed results of assumption testing of statistical clustering methods and results from 
intermediate cluster levels evaluated are available in this appendix.  
 
Assumption testing: 
 Hardy-Weinberg (HW) and linkage equilibrium tests were used to asses if the 12 
markers assayed on common carp violated assumptions of the Bayesian clustering 
method in STRUCTURE. The details of the primers used to assay 12 microsatellite loci 
of common carp are available in Table A3.1. HW equilibrium tests resulted in p-values 
≤0.05 for 2-7 samples per locus, but among all loci and samples, only five tests were 
significant following Bonferroni correction for multiple tests (24 tests per locus) (Table 
A3.2). After correcting for multiple tests, one locus (Cca 67) had significant results in 
more than one sample (Table A3.2). The two samples, Kohlman and Gervais, were 
previously shown to deviate from HW equilibrium due to mixing of genetically distinct 
carp populations [2]. Linkage tests resulted in p-values ≤0.05 for 0-6 samples per pair-
wise locus comparison, but only 37 of 1584 tests (66 pair-wise comparisons X 24 sample 
populations) were significant following correction for multiple testing. As for the HW 
testing, most of the significant tests (26/37) resulted from mixing of genetically distinct 
population in the Kohlman and Gervais sample populations. These equilibrium tests 
confirmed that the microsatellite loci did not violate any assumptions for use in 
subsequent genetic analysis.  
Intermediate cluster level results: 
 The Evanno et al (2005) delta K method showed strongest support for a K of 3 but 
also supported a K of 4 (Figure 4a).  The likelihoods plateaued when K reached 8 and was 
consistently flat after K of 10 (Figure 4b). An evaluation of intermediate cluster levels, 
K=4 & K=8 (below), demonstrate how cluster membership changes with increase in K 
(Appendix 3; Figure A3.1). 
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 At K=4, the primary difference in structure assignment from K=3 was the division 
of the RPBCWD/KC cluster into two clusters primarily represented by samples from 
these respective watersheds and sub-watershed units; now named RPBCWD and KC 
(Figure A3.1). Carp from the KC sub-watershed assigned a majority (60-91%) of 
ancestry to the KC cluster, carp from nearby Owasso lake also assigned majority (76%) 
ancestry to this cluster (Figure A3.1b). The KC cluster was also represented at 
intermediate levels of ancestry in Gervais Lake (GC) and Pig’s eye lake (MSR) but little 
(<9%) ancestry was represented in all other sampling location (Figure A3.1b). Carp from 
the RPBCWD watershed assigned a majority (82-86%) of ancestry to the RPBCWD 
cluster, and carp from Turbid Lake and Pig’s eye lake also assigned strongly to this 
cluster at 96% and 63%, respectively (Figure A3.1b). The RPBCWD cluster was also 
represented at moderate levels of ancestry in numerous sampling sites within the SMC. 
Carp from Piersons Lake, Wassermann Lake, Auburn Lakes, Lake Zumbra, N. Lundsten 
Lake, and S. Lundsten lake assigned to the RPBCWD cluster at 52%, 37%, 31%, 22%, 
23%, and 20% ancestry respectively (Figure A3.1b).  All other sampling locations 
located further downstream assigned little (<13%) ancestry to the RPBCWD cluster 
(Figure A3.1b). The SMC and GC clusters only assigned high levels of ancestry within 
their sub-watershed units, at 43-95% and 75-94% respectively (Figure A3.1b). Lake 
Kohlman also had a moderate level of GC ancestry at 35% (Figure A3.1b).  All other 
sampling locations assigned little (<7%) ancestry to the SMC and GC clusters. (Figure 
A3.1b).  
At K=8, some interesting relationships among sampling sites locations and 
genetic clusters began to emerge in comparison to lower levels of K (Figure A3.1). The 
SMC cluster from K= 3 and K= 4 split into two separate clusters and an additional three 
clusters emerged that were primarily found only in one sampling location (Figure A3.1). 
The two new distinct clusters represented in the SMC formed the SMC_A and SMC_B 
clusters. The SMC_A and SMC_B clusters were primarily represented in the MCWD 
with little (<7%) ancestry in all other sampling sites. SMC_A and SMC_B range had 
intermediate levels of ancestry in sampling sites within the MCWD, with higher levels of 
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ancestry corresponding to the Lake Minnetonka (LM) and Minnehaha Creek (MC) sub-
watersheds in comparison to the upstream SMC sub-watershed (Figure A3.1C) 
Additionally, these clusters were found at very low (<5%) levels at two locations in 
MCWD, Turbid Lake and Zumbra Lake, corresponding to the formation of two of the 
three additional unique clusters (Figure A3.1c).  Lake Zumbra, Turbid Lake and Lake 
Owasso sampling sites formed their own unique genetic clusters (Figure A3.1c). Lake 
Zumbra, which primarily assigned to the SMC cluster at K=3 and K= 4 became its own 
unique cluster with 66% of ancestry at this site assigned to this group. Lake Zumbra 
maintained a small portion of ancestry from the SMC_A, SMC_B and Turbid clusters.  
Turbid lake separated from the RPBCWD cluster it assigned to at lower levels of K and 
became its own unique cluster, accounting for 96% of the ancestry from this site.  
Owasso separated from the KC cluster primarily found in the northern end of the 
RWMWD at K=3 and 4 and became its own cluster, accounting for 88% of the ancestry 
from this site. At K=8, the GC, KC, and the RPBCWD clusters continued to only assign 
high levels of ancestry to their distinct sub-watershed/ watershed units, at 72-91%, 52-
74% and 61-80% respectively (Figure A3.1c). Kohlman Lake and Lake Gervais are the 
most intermediate sampling sites between the GC and KC sub-watersheds. Most ancestry 
in both lakes assigned to their respective clusters (Figure A3.1c). All other sampling sites 
assigned little ancestry to the GC and KC clusters (Figure A3.1c). The RPBCWD cluster 
assigned at moderate levels of ancestry to three sites within the SMC sub-watershed 
(Piersons Lake, Wassermann Lake, and Auburn Lakes) at 31, 19, and 17%. It also assigns 
to Pig’s Eye Lake (MSR) at 29%.  All other sampling sites assigned little (<6%)to the 
RPBCWD (Figure A3.1c). 
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Table A3.1. Details of the primers used to analyze 12 microsatellite loci of common 
carp. 
 
Name Allele range Source 
Cca67 233-309 Yue 2004 
MFW1 167-221 Crooijmans 1997 
MFW11 200-212 Crooijmans 1997 
MFW24 219-239 Crooijmans 1997 
MFW25 273-325 Crooijmans 1997 
MFW26 124-154 Crooijmans 1997 
MFW29 163-223 Crooijmans 1997 
MFW31 274-318 Crooijmans 1997 
MFW32 268-290 Crooijmans 1997 
MFW4 134-150 Crooijmans 1997 
MFW6 134-170 Crooijmans 1997 
MFW7 188-277 Crooijmans 1997 
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Table A3.2. Allele frequencies and heterozygosities for 12 microsatellite loci across 24 sampled populations of common carp in Twin 
cities metropolitan area. Also shown are observed (H obs) and expected (H exp) heterozygosities, with H obs in bold indicating 
significant deviation from Hardy-Weinberg expectations at P ≤ 0.05 and bold-italics indicating significance following sequential 
Bonferroni correction for multiple testing. Sample abbreviation are: Piersons (PIR), Wassermann (WAS), Auburn (AUB), Steiger 
(STG), Zumbra (ZUM), North Lundsten (NLU), South Lundsten (SLU), Turbid (TUR), Parley (PAR), Mud (MUD), SOB (SOB), 
Halsted’s Bay (HAL), Jenning’s Bay (JEN), Tanager’s Bay (TAN), Nokomis (NOK), Lucy (LCY), Staring (STR), Lotus (LOT), 
Owasso (LOW), Casey (CSY), Kohlman (KLM), Gervais (GRV) Phalen (PHA), Pig’s Eye (PIG). 
Locus Allele frequencies (%) for all populations by locus 
Allele 
size 
(bp) LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
Cca67 - - - - - - - - - - - - - - - - - - - - - - - - 
233 48 2 1 - - - - - - 5 - - - - - - - - - - - - - - 
235 9 5 7 - 2 2 2 - 6 38 19 24 18 19 24 - - 30 19 13 21 11 24 16 
237 - 22 8 - - 0 - 2 1 1 - - - - - - - - - - - - - - 
239 1 3 3 - - - - - 1 - 1 - - - - - - - - - 1 7 - 5 
241 6 22 14 44 21 31 26 34 26 13 24 19 19 13 22 9 - 7 23 30 23 20 26 30 
243 20 23 40 2 37 20 9 - 18 12 2 3 1 - - - 4 - - - - - - - 
249 1 3 1 - 11 8 3 - 7 7 2 4 7 13 2 14 7 7 6 10 20 14 19 4 
253 - 2 - - - - - - - - - - - - - - - - - - - - - - 
255 - - 2 - - - - - - - - - - - - - - - - - 1 5 - - 
257 2 6 4 40 12 5 2 - 17 - 3 2 4 3 - - 22 - 2 - 1 2 - - 
259 - 5 1 4 1 18 40 38 6 12 31 36 35 34 44 55 - 57 31 33 28 25 29 38 
261 2 2 4 - 1 8 16 27 1 6 3 1 - - 2 - 22 - 15 - - - 2 - 
263 - - - - - 0 - - - - - - - - - - - - - - - - - - 
265 - - - - - - 0 - - - - - - - - - - - - - - - - - 
273 4 5 5 - 3 1 1 - 3 - 6 3 7 19 - 18 33 - 2 - 1 - - - 
297 - - 1 - - - - - 1 - - - - - - - - - - - - - - - 
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299 - - - - - - - - - - - 1 - - - - - - - - - - - - 
303 - - - - 1 - - - - - - - - - - - - - - - - - - - 
309 7 2 8 10 11 6 2 - 14 5 8 8 10 - 6 5 13 - 2 13 5 16 - 7 
313 - - - - - - - - - - - 1 - - - - - - - - - - - - 
H obs 0.59 0.72 0.84 0.65 0.79 0.64 0.70 0.71 0.80 0.85 0.82 0.72 0.77 0.63 0.68 0.45 0.74 0.40 0.79 0.73 0.75 0.77 0.76 0.86 
H exp 0.73 0.85 0.80 0.64 0.79 0.82 0.74 0.68 0.85 0.81 0.81 0.77 0.80 0.80 0.71 0.67 0.79 0.60 0.80 0.78 0.79 0.85 0.77 0.75 
MFW1 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
167 24 26 26 39 44 31 27 29 39 17 29 25 35 28 24 62 63 20 27 23 16 22 25 15 
205 - - - - - - - - - - 1 3 - - - - - - - - - - - - 
209 48 46 45 18 28 27 25 16 24 37 33 30 32 50 32 31 38 33 31 33 34 35 38 33 
215 8 2 3 29 6 18 28 38 10 10 12 16 12 6 18 8 - 7 25 10 16 13 5 15 
217 17 18 15 13 18 17 4 - 23 29 21 21 16 16 18 - - 30 10 30 24 24 25 28 
219 3 8 10 2 1 7 16 18 4 3 1 1 2 - 4 - - - 6 3 3 - 5 - 
221 - - 1 - 3 0 - - - 2 2 5 3 - 4 - - 10 - - 7 7 3 9 
H obs 0.71 0.76 0.69 0.86 0.6 0.78 0.76 0.64 0.67 0.84 0.71 0.73 0.74 0.56 0.8 0.69 0.5 0.87 0.75 0.67 0.75 0.78 0.6 0.78 
H exp 0.68 0.7 0.71 0.73 0.7 0.77 0.76 0.73 0.73 0.74 0.76 0.78 0.74 0.66 0.79 0.54 0.48 0.77 0.77 0.76 0.78 0.77 0.75 0.77 
MFW11 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
200 18 21 30 29 11 16 17 23 37 28 44 46 47 50 42 62 21 53 52 57 48 50 57 64 
202 25 29 20 2 1 13 32 41 17 36 20 25 25 28 30 8 40 13 10 30 26 22 30 10 
204 29 13 27 14 47 50 40 34 21 7 14 16 17 13 18 19 - 17 6 13 12 17 7 16 
206 8 14 6 38 24 9 4 - 15 14 5 2 1 - - - - 7 - - 3 - - 2 
208 16 21 11 18 17 12 6 2 8 15 17 11 10 9 10 12 40 10 31 - 5 9 5 8 
210 3 - - - - 0 - - - - - - - - - - - - - - - - - - 
212 1 2 6 - - - - - 1 - - - - - - - - - - - 7 2 2 - 
H obs 0.71 0.86 0.71 0.79 0.72 0.68 0.73 0.61 0.79 0.73 0.64 0.63 0.67 0.63 0.68 0.62 0.71 0.67 0.67 0.60 0.73 0.74 0.77 0.44 
H exp 0.80 0.80 0.79 0.74 0.69 0.69 0.70 0.67 0.77 0.75 0.72 0.69 0.68 0.67 0.71 0.59 0.66 0.68 0.63 0.59 0.69 0.68 0.60 0.56 
MFW24 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
219 - 5 3 - - - - - 1 1 1 1 1 3 - - 9 - - - 2 - 4 2 
223 13 15 13 14 1 6 11 14 11 15 13 15 11 3 20 - - 7 - 7 11 13 4 2 
225 27 5 4 7 34 46 46 41 10 26 14 11 7 16 8 - - 10 19 - 6 - 9 2 
227 - 2 1 - - - 1 - 3 1 3 - 1 - 2 - 4 - - - 2 - - - 
231 23 14 21 - 29 12 6 - 14 5 1 1 3 - - - - - - 3 1 - - - 
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233 - - - - - - - - 1 - - - - - - - - - - - - - - - 
235 37 61 58 79 36 36 36 43 60 52 67 71 77 78 70 100 87 83 81 90 78 87 83 94 
237 - - - - - 0 - - - - - - - - - - - - - - - - - - 
239 - - - - - - - 2 - - - 1 1 - - - - - - - - - - - 
H obs 0.67 0.70 0.60 0.34 0.53 0.60 0.63 0.55 0.58 0.58 0.56 0.43 0.35 0.44 0.52 - 0.17 0.33 0.38 0.20 0.43 0.17 0.35 0.11 
H exp 0.73 0.60 0.60 0.35 0.68 0.65 0.64 0.63 0.61 0.64 0.52 0.46 0.39 0.38 0.47 - 0.24 0.30 0.31 0.19 0.38 0.23 0.31 0.11 
MFW25 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
271 - - - - - - - - - - - - - - - - - - - - - - 3 - 
273 35 27 35 26 26 27 26 38 33 33 38 38 41 47 32 54 27 43 7 39 34 46 53 45 
277 3 10 11 - 1 - - - 1 - - - 1 3 - - - - - - - - - - 
279 - - - - 2 - - - - - - - - - - - - - - - - - - - 
281 - - - - - - 0 - 3 5 10 13 14 10 26 12 - 7 20 4 10 13 - 7 
299 - 8 6 - - - 0 - - 1 2 - - - - - - - - - - - - - 
303 - - - - 2 0 0 - - - - - - - - - - - - - - - - - 
305 1 8 5 4 6 11 19 23 4 14 3 1 - - - - - 3 - - 7 11 3 - 
307 26 19 15 52 51 51 45 33 33 23 33 30 24 23 30 4 25 30 50 36 35 15 30 25 
309 6 13 10 2 2 2 1 - 19 10 6 11 15 10 8 8 48 13 9 4 8 7 10 4 
311 - - 3 - - - 1 2 3 1 1 - - - - - - - - - - 2 - - 
313 - 2 1 - 10 6 3 2 - - - - - - - - - - - - - - - - 
315 - - 1 - - - - - - - - - - - - - - - - - - - - - 
317 3 - - - - - - - 1 - - - - - - - - - - - - - - - 
321 25 13 11 16 - 3 4 2 5 14 6 7 6 7 4 23 - 3 14 18 6 7 3 20 
325 - - 1 - - - - - - - - - - - - - - - - - - - - - 
H obs 0.79 0.96 0.78 0.72 0.64 0.58 0.62 0.63 0.83 0.83 0.74 0.72 0.72 0.80 0.80 0.69 0.82 0.67 0.68 0.57 0.77 0.70 0.65 0.71 
H exp 0.75 0.85 0.82 0.65 0.67 0.66 0.69 0.71 0.76 0.80 0.74 0.74 0.74 0.73 0.75 0.66 0.65 0.72 0.69 0.71 0.74 0.75 0.64 0.71 
MFW26 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
124 31 13 34 26 12 5 2 2 24 21 22 25 30 25 26 4 52 7 8 25 14 11 11 18 
128 - 2 1 - 12 5 1 - 2 - - - - - - - - - - - - - - - 
130 - 8 - - 3 3 - - 7 2 3 1 1 - - - - 3 - - - - - - 
132 - - 2 - - - - - - - - - - - - - - - - - - - - - 
136 1 11 4 - - 2 5 12 4 13 5 2 4 3 4 - - - 6 4 2 - - 2 
138 - 2 - - - - - - - - - - - - - - - - - - - - - - 
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140 9 - - - - - - - 1 5 5 2 4 3 8 - - 7 - 11 14 13 20 14 
142 19 6 14 - 3 1 0 - 7 6 9 7 8 16 6 31 - 7 15 11 5 11 13 5 
146 10 25 10 5 2 5 11 12 11 30 26 27 27 34 28 31 15 37 35 39 25 28 24 32 
148 - - 1 2 2 13 24 33 2 1 7 7 4 3 2 - 4 - 10 - 2 2 - 5 
150 29 34 34 59 66 65 56 41 42 21 24 30 23 16 26 35 28 40 25 11 38 35 33 23 
152 - - - 9 - - 0 - - - - - - - - - - - - - - - - - 
154 - - - - - 0 2 - - - - - - - - - - - - - - - - - 
H obs 0.44 0.84 0.71 0.55 0.57 0.52 0.60 0.69 0.74 0.74 0.77 0.79 0.74 0.75 0.76 0.85 0.65 0.73 0.83 0.71 0.77 0.74 0.83 0.71 
H exp 0.77 0.79 0.75 0.59 0.54 0.55 0.62 0.70 0.75 0.81 0.82 0.77 0.78 0.79 0.79 0.72 0.64 0.71 0.79 0.78 0.76 0.77 0.79 0.80 
MFW29 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
163 26 42 46 47 64 62 71 72 52 42 46 44 42 41 42 15 56 37 39 43 48 52 59 41 
167 - - - - - - - - - - - - - - 2 - - - 7 - - - - - 
171 - 5 2 - 3 - 1 - - - 1 - - - - - - - - - - - - - 
173 1 - - - - - - - 2 1 2 1 2 - - 4 10 - 2 - - - - - 
175 6 - - - - - - - - 9 7 2 - - - - - - - - - - - - 
177 - 3 3 2 4 10 3 - 2 13 16 19 22 22 10 35 8 27 26 17 16 20 11 30 
181 26 30 30 45 9 7 1 - 30 14 4 12 11 9 12 - 25 7 9 10 13 9 16 9 
185 39 16 13 7 8 9 17 26 9 14 18 9 13 16 22 23 - 23 9 17 16 13 9 13 
191 - - - - - - - - - 1 1 - 1 - - - - - - - - - - - 
223 2 5 6 - 12 13 6 2 5 6 6 12 9 13 12 23 - 7 9 13 7 7 5 7 
H obs 0.77 0.69 0.69 0.55 0.59 0.51 0.48 0.38 0.70 0.86 0.73 0.75 0.65 0.75 0.84 1.00 0.71 0.87 0.91 0.67 0.66 0.65 0.68 0.82 
H exp 0.72 0.72 0.69 0.59 0.56 0.58 0.46 0.42 0.64 0.77 0.73 0.74 0.74 0.76 0.75 0.78 0.62 0.76 0.77 0.75 0.70 0.68 0.62 0.72 
MFW31 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
274 - 3 - - - - - - - - - - - - - - - - - - - - - - 
276 6 2 2 - - - 1 - 3 - - - - - - - - - - - - - - - 
280 - - 3 - - - - - - - - - - - - - - - - - - - - - 
282 38 24 39 6 45 40 43 42 37 28 47 35 36 47 33 54 79 37 11 36 23 17 38 21 
284 - - 2 - - - - - - 5 5 3 5 3 17 12 - 10 - 7 11 26 20 25 
286 - - - - - 0 - 2 - - - - - - - - - - - - - - - - 
292 - 2 1 - - - - - - - - - - - - - - - - - - - - - 
294 - - - - - - - - 1 - - - 1 - - - - - - - - - - - 
296 29 22 11 8 3 5 2 2 12 30 15 9 17 20 10 23 10 23 9 7 17 17 8 9 
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298 - - - - - - - - 1 - - - - - - - - - - - - - - - 
300 13 19 16 31 12 8 3 - 16 1 2 3 1 - - - 10 - - - - - - - 
302 4 14 18 38 34 33 29 19 14 22 14 35 33 30 33 12 2 20 45 18 30 28 23 25 
304 - - - - - - - - - - - - - - - - - - - - - 2 - - 
306 - 9 1 17 7 2 1 4 8 7 7 4 2 - 2 - - 3 - - 6 - - - 
312 - - - - - - 0 - - - - - - - - - - - - - - - - - 
314 9 5 6 - - 12 21 31 8 1 5 3 1 - 2 - - - - - - 2 - - 
318 - - - - - - 0 - - 5 6 8 5 - 2 - - 7 34 32 13 7 13 20 
H obs 0.50 0.52 0.61 0.54 0.63 0.63 0.64 0.69 0.67 0.66 0.63 0.68 0.70 0.73 0.63 0.69 0.43 0.60 0.68 0.50 0.77 0.70 0.65 0.86 
H exp 0.75 0.84 0.78 0.73 0.68 0.71 0.69 0.70 0.80 0.78 0.74 0.74 0.74 0.67 0.75 0.66 0.37 0.78 0.67 0.75 0.80 0.80 0.77 0.80 
MFW32 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
268 - - 4 - - 2 5 5 - - - - - - - - - - - - - - - - 
272 9 3 1 - 1 2 1 - - - - - - - - - - - - - - - - - 
276 81 97 70 100 94 91 89 95 94 87 85 87 92 96 90 92 74 92 100 91 97 98 93 80 
278 - - - - - - 0 - 1 1 - - - - - - - - - - - - - - 
280 - - - - - - - - - 1 - - - - - 8 - - - - - - - - 
282 - - 10 - - - 2 - - - - - - - - - - - - - - - - - 
290 9 - 15 - 5 5 3 - 5 5 7 11 7 4 10 - 26 8 - 9 3 2 7 20 
294 - - - - - - - - - - - 1 - - - - - - - - - - - - 
298 - - - - - - - - - 6 7 1 1 - - - - - - - - - - - 
H obs 0.25 0.06 0.38 - 0.09 0.17 0.21 0.10 0.12 0.23 0.22 0.22 0.12 0.07 0.12 0.17 0.35 0.00 - 0.00 0.05 0.05 0.14 0.33 
H exp 0.33 0.06 0.48 - 0.12 0.18 0.21 0.10 0.11 0.24 0.26 0.23 0.14 0.07 0.18 0.17 0.39 0.15 - 0.17 0.05 0.05 0.14 0.33 
MFW4 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
134 8 12 7 2 - 11 20 13 18 5 2 2 2 3 - 8 26 - 6 - - - - - 
138 37 12 18 26 32 35 45 68 17 19 12 11 10 16 10 19 - 13 2 7 6 7 11 4 
140 2 2 6 19 - - - - - 1 1 2 2 - 8 - - 3 25 7 7 2 - 5 
142 18 26 24 33 23 13 20 12 13 13 20 23 16 16 36 8 - 20 10 20 29 30 39 45 
144 11 17 16 19 16 13 5 2 18 39 34 34 42 41 30 46 20 47 38 40 35 26 43 25 
146 24 30 20 2 29 28 11 5 33 24 30 29 28 25 16 19 54 17 19 27 24 35 7 21 
148 - - - - - 1 - - - - - - - - - - - - - - - - - - 
150 - 2 7 - - - - - 1 - - - - - - - - - - - - - - - 
H obs 0.82 0.76 0.86 0.62 0.76 0.73 0.73 0.53 0.67 0.80 0.73 0.69 0.74 0.88 0.72 0.85 0.70 0.80 0.79 0.73 0.74 0.83 0.70 0.79 
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H exp 0.76 0.80 0.83 0.77 0.74 0.76 0.71 0.51 0.79 0.75 0.74 0.74 0.72 0.75 0.75 0.73 0.61 0.72 0.76 0.74 0.74 0.73 0.66 0.70 
MFW6 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
132 - - - - - - - - - - - 1 - - - - - - - - - - - - 
134 - - 1 - - - - - - - - - - - - - - - - - - - - - 
136 - 5 9 - - - - - 3 26 17 18 17 13 18 15 - 23 6 23 14 15 18 11 
138 29 46 30 57 62 51 46 43 47 34 38 27 34 28 42 15 93 20 21 10 32 30 20 16 
140 1 4 6 24 - - 1 - 3 - 1 1 1 - - - 4 - - - - - - 2 
142 - - - - - - 0 - 1 - - - - - - - 2 - 15 - - 4 - - 
144 - - 4 - - - - - 6 6 13 16 10 9 6 - - 27 6 23 9 4 18 21 
146 33 25 36 17 32 25 34 41 21 26 23 30 30 28 32 27 - 23 40 40 34 35 41 45 
148 1 5 4 - - - - - 3 - 1 - 1 3 - - - - - - - - - 2 
150 36 2 3 2 - 8 15 16 5 2 3 5 5 13 2 23 - 7 4 3 11 11 2 4 
152 - - - - - - - - 3 - - 2 2 6 - 19 - - - - - - - - 
154 - 9 5 - - - - - 4 - - 1 - - - - - - - - - - - - 
156 - - 1 - - - - - - - - - - - - - - - - - - - - - 
170 - 4 1 - 6 17 4 - 4 6 3 1 1 - - - - - 8 - - - - - 
172 - - - - - - - - 1 - - - - - - - - - - - 1 - - - 
H obs 0.76 0.71 0.76 0.83 0.57 0.64 0.68 0.66 0.72 0.84 0.78 0.77 0.72 0.75 0.64 0.85 0.13 0.80 0.92 0.67 0.74 0.91 0.68 0.79 
H exp 0.69 0.72 0.77 0.60 0.52 0.65 0.65 0.63 0.73 0.75 0.76 0.79 0.76 0.82 0.70 0.82 0.13 0.80 0.78 0.74 0.75 0.76 0.74 0.73 
MFW7 LCY STR LOT LOW CSY KLM GRV PHA PIG PIR WAS AUB NLU SLU STG ZUM TUR PAR SOB MUD HAL JEN TAN NOK 
188 7 12 10 57 36 26 11 2 23 14 15 12 20 25 22 31 14 13 2 23 25 20 20 29 
192 76 43 55 31 47 55 53 67 42 50 60 60 48 47 54 62 24 77 77 47 53 61 55 48 
196 - 3 7 - - - 0 - 1 - - - - - - - - - - - - - - - 
254 17 24 11 12 17 19 35 32 21 23 22 17 23 22 20 4 33 7 17 27 15 20 20 20 
258 - - - - - - 0 - - - - - - - - - - - - - - - - - 
264 - - - - - - - - 1 - - - - - - - - - - - - - - - 
268 - 19 14 - - - - - 7 13 3 9 9 6 4 4 29 3 4 3 7 - 5 4 
272 - - - - - - - - 2 - - - - - - - - - - - - - - - 
276 - - 2 - - - - - 2 - - 2 - - - - - - - - - - - - 
H obs 0.26 0.65 0.59 0.66 0.43 0.59 0.60 0.43 0.64 0.72 0.48 0.62 0.63 0.75 0.52 0.62 0.81 0.27 0.46 0.47 0.62 0.61 0.64 0.79 
H exp 0.39 0.72 0.65 0.58 0.63 0.59 0.58 0.46 0.73 0.67 0.57 0.59 0.68 0.69 0.63 0.54 0.75 0.40 0.38 0.68 0.63 0.57 0.63 0.66 
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Figure A3.1. Percent ancestry assignment to sampling sites at differing cluster levels (K) 
(A. K =3,B. K =4, C. K =8, D. K =10). Clusters are dictated by color at each level of K. 
Colors are inpepeneding in A-D. Gervais creek sub-watershed(GC), Riley Puragtory 
Bluff Creek watershed (RPBCWD) and Kohman Creek subsatershed (KC) Six Mile 
Creek Subwatershed (SMC A-C), Trubid Lake (Turbid), Lake Owasso sub-watershed 
(Owasso), Zumbra Lake (Zumbra), Purgatory Creek sub-watershed (Purgatory), Riley 
Creek sub-watershed (Riley).  Crown pond samples were removed for clarity and due to 
low sample size.  
 
